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【全体の概要】 
 一般的に生体材料とは医療分野で利用される材料であり、金属やセラミックス、プラス
チックなど多岐にわたる素材が研究されている。そして、生体材料として用いるためには、
炎症や体外排出などの拒絶反応がないことが必要とされる。近年はそれだけでなく、創傷
治癒効果や生体内分解性、抗菌活性など様々な特性を付与できる材料が求められている。
様々な素材の中でも、生体高分子は注目されている素材の一つである。それは、生体材料
に適した特性を持つ素材が多く、化学修飾や重合、ポリマーブレンドなどにより、容易に
性質を付与することができるからである。さらに、形状も多種多様であり、軽く高強度な
素材や高弾性のゲル、pH や温度に応答し形態変化する材料など用途に応じてデザインする
ことが可能なことも一因である。 
本論文では生体高分子の中でも特にキトサンについて着目し研究を行った。キトサンと
は天然多糖類であるキチンの脱アセチル化物であり、世界で二番目に豊富な天然高分子で
ある。キトサンは抗菌活性や生分解性、創傷治癒効果など優れた特性を有しているため、
食品添加物や医療材料、化粧品など多方面で研究開発が行われてきた。本研究では、さら
なるキトサンの応用拡大のため溶解挙動を解明し、キトサンを用いたゲル、繊維など様々
な用途に利用できる材料の開発を行った。 
 
【各章の要旨】 
第一章では、研究の背景及び本論文を理解するための基本的な概要を述べ、さら様々な
バイオマテリアルについての説明を行った。 
 
第一部はキトサンの溶解挙動の分析とその知見を利用した応用材料について述べる。 
 
第二章では、キトサンヒドロゲルを用いて、キトサンの様々な酸に対する溶解挙動の分
析を行い、溶解メカニズムを説明する。キトサンを材料として活用する際、一般的に酸水
溶液を用いて溶解させている。しかし、粉末キトサンの溶解には過剰量の酸を用いるため、
酸によるキトサンの分子量低下が起こっていた。本研究では、さらなるキトサンの応用拡
大のため、キトサンの溶解挙動の解析を行い、酸のカルボキシル基とキトサンのアミノ基
の関連性を解明した。さらに、キトサン－酢酸塩の調製により、中性領域のキトサン溶液
の調製が可能であることを示した。この結果は、キトサンを活用する際に重要となる知見
であり、キトサン応用に寄与するだろう。 
 
第三章では、ATRP 法を用いた新規のキトサングラフトコポリマーの調製について説明
する。この実験において行われた方法は、キトサンに相互作用した酸を開始点にして重合
を行うため、主鎖のキトサンと側鎖のポリマーが静電相互作用によって結合しているとい
  
う、新たな構造を持ったコポリマーの重合に成功した。この構造を持つことにより、pH 変
化によって主鎖と側鎖が容易に解離する新たな特性を示した。さらに、第二章において得
た知見により、側鎖の結合量を制御することも可能である。加えて、ATRP 法により、側
鎖の長さを制御することも可能である。本実験では一例として水溶性を持つポリアクリル
アミドの重合の成果を示しているが、温度応答性を持つポリイソプロピルアクリルアミド
の重合にも成功しており、側鎖の特性をキトサンに付与することが容易であることが分か
る。この新規調製方法は、グラフトコポリマー及びキトサンの発展に寄与するだろう。 
 
第二部では、キトサンを用いた様々な新規バイオマテリアルの開発について述べる。 
 
第四章では、塩基性キトサン溶液を用いたアルギン酸ナトリウムとキトサンのハイブリ
ットゲルの調製を説明する。一般的にキトサンは酸水溶液にしか溶解させることができな
い。しかし、本研究ではキトサンの塩基性化に成功し、その溶解メカニズムを解明した。
その発見はキトサン溶液の常識を覆すものであり、今まで pH の制限によってキトサンが
活用できなかった分野への展開を可能とするものである。その一例として、アルギン酸ナ
トリウムとキトサンのゲルを調製した。一般的にアルギン酸ナトリウムのような酸性条件
でゲル化する溶液とキトサンは均一に混合することはできなかったためである。この知見
により、溶液状態でアルギン酸とキトサンを混合することができ、均一な高分子電解質ゲ
ルを得ることに成功した。 
 
第五章では、N-スクシニル化キトサン（NSC）を用いた、酸によってゲル化する新規材
料の開発を説明する。NSC は水溶性キトサンとして知られていたが、ゲルについては議論
されていなかった。本研究において、NSC の分子中に含まれるアミノ基とカルボキシル基
の割合と pH を制御することで、静電相互作用によりゲルを形成することを発見した。ゲ
ルの調製に適したスクシニル化度を持つ NSCを合成し、さらにゲニピンやゼラチンを複合
させることで、PBS 中でも強度を保つゲルの調製に成功した。このゲルは、調製した溶液
に酸を加えるだけでゲル化する pH 応答性ゲルであるため、シリンジで注入しゲル化させ
るような医療材料としての活用が期待できる。 
 
第六章では抗菌性－生分解性縫合糸を指向した、キトサン－PLA 繊維の調製を説明する。
本実験では繊維の調製にプラズマ処理と LBL 法を採用した。プラズマ処理は PLA 表面を
損傷せずにキトサンがコーティングできる方法である。さらに LBL 法は高分子多層膜の形
成によりキトサンの含量を向上させることができる。調製した結果、繊維は縫合糸として
の強度を保ち、キトサンを十分量コーティングすることに成功していた。また、キトサン
コーティングが薄層であるため、その分解性に影響しなかった。この方法で使用する材料
はバイオポリマーだけであり、医療材料に適している調製方法である。 
 
 第七章では本論文の総括を述べた。本研究ではキトサンの溶解挙動を解明し、酸性から
塩基性の条件でキトサン溶液の調製を可能とするという、今までの常識を覆す成果を示し
た。また、その知見を応用した材料の開発、そして、キトサンを用いた新規バイオマテリ
アルの調製方法を示した。これらの結果は、キトサンを用いた新規応用材料を提示するだ
けでなく、キトサンという材料に対する理解の深化や活用方法の拡大に寄与し、さらなる
キトサンの応用の可能性を示すものである。
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1.1 Introduction 
1.1.1 Biomaterials 
In generally, biomaterials are known the material which confirm to biological 
systems for medical application [1]. Biomaterials are required to have some properties 
such as biocompatibility, biodegradability and would hearing and designed from metals, 
ceramics and polymers [2–5]. In several materials, polymers are drawn significant 
attention because the polymers can be created the suitable biomaterials for various 
applications. For example, there are bioabsorbable property, antibacterial activity and 
cell adhesiveness [6]. There properties are important for medical application. There are 
various biopolymers used to biomaterials such as polypeptide, polyester and 
polysaccharides, and some famous biopolymers are gelatin, polylactic acid, chitin, 
chitosan and alginate [7–9]. 
 
1.1.2 Chitin and Chitosan 
Chitin is the second most abundant polysaccharide after cellulose in the world 
and is found in the shell of crab and shrimp. Chitin is a linear polymer consisting of β-
1,4-linked N-acetyl-D-glucosamine (GlcNAc) [10–12]. Further, chitosan (CS) is a 
cationic polymer prepared by N-deacetylation of chitin that has been studied as a 
biomedical material owing to its excellent wound healing effect [13], hemostasis 
capability [14], antimicrobial activity [15,16], biocompatibility [17,18], and 
biodegradability [19,20]. Therefore, CS has been extensively studied in industrial, 
biomedical, and pharmaceutical research. In particular, CS is extremely valuable for 
biomedical applications [21–28]. Chitin is highly insoluble in general solvents owing to 
its high crystallinity which is based on hydrogen bonding through the acetamido group 
[29]. CS is also insoluble in natural and basic water and organic solvent. However, CS 
is generally soluble in acid solutions, even though it has a crystalline structure which 
contains several hydrogen bonds. Therefore, CS is preferred over chitin for a wide range 
of applications because it is generally soluble in excess acid. As a result, many studies 
have reported regeneration of CS into fibers [30,31], membranes [32,33], and beads 
[34–36]. 
Recently, the further functionality of CS is performed for various evolved 
Chapter 1. General introduction 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
3 
applications to use several methods such as chemically modification, polymer blend and 
polymerization [37–39]. The reports which prepared various modified chitosan such as 
carboxymethyl chitosan, N-succinyl chitosan (NSC) and chitosan-polyacrylamide 
copolymer as a water-soluble chitosan were revealed, and these materials was used for 
medical application [40–42]. For example, the group of Qin Wang et. al. [41] prepared 
the pH-sensitive composite polymer for controlled drug delivery systems, and Yan Wu 
et. al. [42] prepared the amphiphilic graft copolymers as potential materials for 
biomedical applications. 
 
1.1.3 Several biopolymers 
SA is extracted from seaweed and used in the food industry as a thickener, 
stabilizer and gelatinizer, a consequence of its superior properties that include 
biocompatibility, moisture-retention, high viscosity, and easy gelation [43–45]. SA is 
the sodium salt of an anionic polymer bearing carboxylate (–COO−) groups and the 
linear copolymers consisting of β-1,4-linked D-mannuronic acid (M) and α-1,4-linked 
L-guluronic acid (G) units [46,47]. The composition and arrangement of M and G units 
is affected by the source, growth condition and environments. 
Poly(L-lactic acid) (PLA) fiber is one of the biodegradable suture threads 
currently in use. PLA is an aliphatic lactic-acid-based polyester, and is well known to be 
a carbon-neutral material obtained from some plants [48]. PLA has good mechanical 
properties and characteristics, such as biodegradability, biocompatibility, and lack of 
toxicity [49–51] and is an interesting material for use in applications that include tissue 
engineering, drug delivery systems, and implants [52–55]. However, the hydrophobicity, 
low hydrolyzability, and poor cell adhesion exhibited by the PLA surface are 
problematic in some biomaterial applications [56]. Therefore, it was needed to modify 
on PLA surfaces by coating with hydrophilic polymers or several treatments [57–61]. 
 Gelatin has been utilized for wide range of human life such as food, 
drinks, glues and so on [62]. Gelatin is a mixture of peptides and proteins that produced 
by partial acid or alkaline hydrolysis of collagen [63-68]. Gelatin is biocompatible when 
takes in living body, it shows low antigenicity due to its animal origin [69,70]. The 
three-dimensional gel network of gelatin is composed of microcrystallites 
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interconnected with amorphous regions of randomly coiled segments and it has the 
characteristic of heat reversibility. Gelatin has been used in term of nanofibers, gels, 
scaffolds, membranes, filaments, powders, granules, sponges or as a composite [71]. As 
one of the problems, gelatin is easy to dissolves in water, and the cross-linking is 
necessary to improve the water resistant property [72]. Among the cross-linking agents, 
Genipin is often used as the cross-linker to react with free amino groups from naturally 
[73]. 
  
1.2 Contents  
This thesis is indicated the study of chitosan as biopolymer and propose of 
chitosan-based application and composed of five chapters shown below.  
 
Chapter 1 is general introduction about biomaterials and biopolymers. 
Background of biomaterial and various biopolymer used it is introduced as the chemical 
structure, advantages, disadvantages, application and some researches. 
 
Chapter 2 is described the preparation of a CS hydrogel and its solubility in 
various organic acids. Also, the stabilities of the CS hydrogel and solution were 
investigated by measuring the viscosity of the solutions. Moreover, the binding state 
between acids and the amino groups of CS are also discussed in detail, as determined by 
1
H-NMR spectrometry. 
 
Chapter 3 is described the preparation of CS grafted PAAm copolymer (CS–g–
PAAm) with electrostatic interaction by using TPMA as ligand and BMPA as initiator 
in water solvent. This copolymer maintains the property of original CS because easily 
dissociated with changing pH. Moreover, it is prepared easily to attach initiated agent 
on CS by only mixing. Therefore, to prepare grafted copolymer with electrostatic 
interaction, it suggest that this CS–g–PAAm is novel CS copolymer used more wide 
application. The prepared CS–g–PAAm was measured to confirm the structure of 
copolymer, control of side chain and the behaver of dissociated copolymer with 
changing pH by FT–IR, 1H–NMR, TGA and GPC. 
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Chapter 4 indicates the preparation of novel PEC gel of SA/CS using basic CS 
solution. Generally, CS cannot be dissolved in basic solution but it was found that the 
preparation method of basic CS solution by adding sodium hydrogen carbonate can be 
done in this work. In this discovery, homogeneous and transparent SA/CS solution can 
be prepared and the gelation can be performed easily by adding GDL. This system 
reveals to be able to obtain high mechanical strength and homogeneous SA/CS PEC gel. 
Several properties of the SA/CS PEC gel were investigated by FT–IR, TG–DTA and 
Rheological measurements. 
 
Chapter 5 indicates the preparation of novel NSC gel and NSC hybrid gel with 
genipin and/or gelatin as pH sensitive hydrogel for using medical gel. The NSC solution 
was performed simply and rapidly gelation for 10 second by only adding acid. The NSC 
conformed to gelation was synthesized and gelled by using D-gluconolactone (GDL) as 
acid. In addition, NSC hybrid gels with genipin and/or gelatin were prepared to improve 
the stability in PBS, because NSC gel was easy dissolved by ions in PBS. Several 
properties of the NSC gels were investigated by FT–IR, TG–DTG, 1H-NMR 
measurements, swelling test, degradable test and compression test. 
 
Chapter 6 introduces the preparation of CS-coating-modified PLA fiber by 
plasma treatment and layer-by-layer (LBL). The PLA surface is modified with CS and 
SA coatings to improve its surface properties while maintaining its biodegradability. 
Plasma treatment is effective for coating CS onto the PLA surface without damaging the 
PLA because it hydrophilizes and activates the surface layer. Moreover, the LBL 
method effectively increases the amount of CS to coat via the electrostatic superposition 
of alternating polymers onto PLA fibers with these methods. The mechanical properties, 
morphologies, CS–PLA and SA–CS interactions, nitrogen content, and degradability of 
the prepared fibers were characterized by tensile testing, scanning electron microscopy 
(SEM), X-ray photoelectron spectroscopy (XPS), nitrogen analysis and degradation 
testing, respectively. 
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2.1 Introduction 
Chitin is the second most abundant polysaccharide on earth after cellulose and is 
found in the exoskeletons of insects and crustaceans and in fungal cell walls. Chitin is a 
linear polymer consisting of β-1,4-linked N-acetyl-D-glucosamine (GlcNAc) [1–3]. 
Further, chitosan (CS) is a cationic polymer prepared by N-deacetylation of chitin that 
has been studied as a biomedical material owing to its excellent wound healing effect 
[4], hemostasis capability [5], antimicrobial activity [6,7], biocompatibility [8,9], and 
biodegradability [10,11]. Therefore, CS has been extensively studied in industrial, 
biomedical, and pharmaceutical research. In particular, CS is extremely valuable for 
biomedical applications [12–19]. Chitin is highly insoluble in general solvents owing to 
its high crystallinity, which is based on hydrogen bonding through the acetamido group; 
the chitin molecule consists of GlcNAc residues, including the acetamido group at the 
C-2 position of glucosamine (GlcNH2), the secondary hydroxyl group at C-3, and the 
primary hydroxyl group at C-6. CS is generally soluble in acid solutions, even though it 
has a crystalline structure which contains several hydrogen bonds. Therefore, CS is 
preferred over chitin for a wide range of applications because it is generally soluble in 
excess acid. As a result, many studies have reported regeneration of CS into fibers 
[21,22], membranes [23,24], and beads [25–27]; however, an excess amount of acid is 
needed for dissolving CS. As a result, the molecular weight of CS markedly reduces 
owing to the decrease in the pH of the solution [28]. The change of the molecular 
weight of CS in the solution is a crucial problem for using CS in various fields such as 
pharmaceutical, biomaterial, and industry, because it results in a lack of the 
characteristic features of original CS. Therefore, it is hard to maintain a stable molecular 
weight for CS over long periods of time at room temperature. For the purpose of 
treating CS under neutral conditions and for long-term storage, we focused on the 
utilization of a CS hydrogel. Because CS hydrogel can be prepared easily from CS 
solution, some researchers have previously reported the preparation of CS hydrogel 
[24,28–32]. CS has been found to be readily hydrated in a hydrogel, so its affinity to 
acids is also thought to be higher. However, there are few detailed reports related to the 
stability of CS hydrogel and the solubility behavior when various acids are added. In 
this study, we describe the preparation of a CS hydrogel and its solubility in various 
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organic acids. Also, the stabilities of the CS hydrogel and solution were investigated by 
measuring the viscosity of the solutions. Moreover, the binding state between acids and 
the amino groups of CS are also discussed in detail, as determined by 
1
H-NMR 
spectrometry. 
 
2.2 Experimental 
2.2.1 Materials 
CS FL-80 (DAC 84.7, 5 mPa·s) and FM-80 (DAC 77.9, 50 mPa·s) were 
supplied from Koyo Chemical Co., Ltd. (Japan). 
1
H-NMR spectra were recorded at 400 
MHz on a JEOL ECS400 spectrometer (Japan) in deuterium oxide. Organic acids 
(acetic acid, acrylic acid, oxalic acid, malonic acid, succinic acid, L-tartaric acid, L-
ascorbic acid, and 50% D-gluconic acid solution) and other reagents were purchased 
from Wako Chemical Co. (Japan) and used without further purification. 
 
2.2.2 Preparation of CS hydrogel 
1.0 g of CS was dissolved in 0.05 M acetic acid (100 mL). A sodium hydroxide 
solution was then slowly added to the CS solution until the pH reached 8.5–9.0. The 
obtained hydrogel was decanted several times, washed multiple times using distilled 
water and a centrifuge (Hitachi, Himac CF-15R, Japan), and dialyzed against distilled 
water until the outer solution was neutralized. After dialysis, the CS hydrogel was 
centrifuged at 14000 rpm for the removal of excess water and finally suspended with a 
blender to get a homogeneous gel. Part of the gel was dried at 80 °C under reduced 
pressure. The water content was calculated from each weight according to Eq. (1): 
 
                               (1) 
 
where W0 and W1 are the weights of the hydrogel and CS after drying, respectively. 
 
2.2.3 Change in pH and transmittance after the addition of organic acids  
The changes in pH and transmittance were measured using a pH meter (Horiba 
Water content % (w/w) =
  𝑊0 − 𝑊1 
 𝑊0
× 100 
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D-74, Japan) and a UV-Vis spectrometer (Hitachi U3900, Japan), respectively. The CS 
hydrogel (containing 1 mmole of sugar units) was suspended in deionized water (100 
mL). Moreover, 0.1 M various acid solutions, such as acetic acid, acrylic acid, oxalic 
acid, malonic acid, succinic acid, L-tartaric acid, L-ascorbic acid, and D-gluconic acid, 
were titrated into the CS hydrogel suspension at a speed of 0.5 mL min
−1
, and the pH of 
the solution was measured. Additionally, the CS hydrogel (containing 0.1 mmole of 
sugar units) was added to a solution (10 mL) containing 0–0.1 mole of various acids. 
The solution was stirred for 1 h, and the transmittance at 600 nm was measured. 
 
2.2.4 Stability of the CS hydrogel 
The viscosity of the CS hydrogel, which was kept for 0, 2, 5, and 15 days at 
room temperature, was measured using an Ubbelohde viscometer (Sogo Laboratory 
Glass Works Co., Ltd., Japan). Acetic acid was added gradually to the CS hydrogel after 
each period, giving a clear solution. The solution was then diluted with deionized water 
to give CS solutions of several concentrations (C = 3.06, 1.53, 1.15, 0.77, 0.51, 0.26, 
and 0.19 g dL
−1
). The Ubbelohde viscometer was set in a water bath, and the flux times 
of each CS solution were measured at 25 °C. The reduced viscosity (ηsp/C, where ηsp is 
the specific viscosity and C is the concentration) and the inherent viscosity (ln (η/η0)/C, 
where η0 is the viscosity of deionized water) of the solutions were obtained. Using 
double extrapolation of ηsp/C and ln ηred/C to infinite dilution, the intrinsic viscosity [η] 
was determined. 
 
2.2.5 Viscosity changes of CS solutions 
CS hydrogel or CS powder was dissolved in 0.1 M acetic acid, and the pH was 
adjusted to be 3 and 5. The concentrations of the obtained CS solutions were 0.5 g dL
−1
. 
These solutions were kept for 0–168 h. The flux time of the solution after each period 
was measured using the Ubbelohde viscometer, and the kinetic viscosity (νt) was 
calculated from the product of a viscometer constant and the flux time. The decrease 
ratio of the viscosity was calculated from Eq. (2): 
 
                             (2) The decrease ratio of viscosity (%) =
  𝜈𝑡 
 𝜈0
× 100 
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where v0 is the initial kinetic viscosity. 
 
2.2.6 
1
H-NMR measurements 
Acetic acid (0.4, 0.7, and 1.0 molar equivalents per amino group) was added to 
the suspension of CS hydrogel. The obtained CS solutions were lyophilized to give CS 
acetate powders. The powders were dissolved in deuterium oxide (D2O), and the 
1
H-
NMR  spectra of these solutions were measured using an NMR spectrometer (JEOL 
ECA400, Japan) to observe the binding state of acetate ions on the CS. Also, the CS 
acetate powder from 1.0 mole equivalent of acetic acid was dissolved in D2O containing 
1% trifluoroacetic acid-d1 (TFA). The 
1
H-NMR spectra of these solutions were 
measured for observing the binding state of acetate ions on the CS. 
 
2.3 Results and Discussion 
2.3.1 Preparation and stability of CS hydrogel 
Hydrogel slurry was obtained, and the water content of the CS hydrogel was 
97.76% (w/w). Moreover, the water contents of the hydrogels could be changed in the 
range of 85%–98% by the preparation conditions (rotational speed, time of centrifuging, 
initial concentration of the CS solution, or the molecular weight of the CS). 
 
 
Fig. 1. Temporal change in intrinsic viscosity [η] of a CS solution prepared from a CS hydrogel 
after 1–15 days. 
0
2
4
6
8
10
12
0 5 10 15
[η
]
Time (day)
Chapter 2. Preparation of chitosan hydrogel and its solubility in organic acids 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
19 
To investigate the stability at the hydrogel state of CS, CS hydrogels what were 
placed at room temperature for 0, 2, 5, and 15 days were dissolved in a small amount of 
acetic acid, and the viscosity of the obtained solution was measured. The change in the 
intrinsic viscosity [η] is shown in Fig. 1. All values of [η] were in a range of 10.4–10.6 
and were almost equivalent to [η0]. Thus, it is suggested that the CS hydrogel is 
extremely stable in the wet state at room temperature. 
 
2.3.2 Change of pH and transmittance from the addition of organic acids 
When CS hydrogel was dissolved by the addition of acids, the condition 
changed from a suspension to a solution (Fig. 2). The measurement of transmittance is 
an efficient way to investigate spectroscopically the change in state. The change in pH 
and transmittance of the CS hydrogel resulting from the addition of various acids is 
shown in Fig. 3. The pH was maintained at 5.8 until 0.4 moles of acetic acid per 1 mole 
of sugar unit in the CS was added. The value then gradually decreased with the addition 
of excess acetic acid. On the other hand, the transmittance increased with the addition of 
acetic acid and showed a value over 95% with the addition of 0.4 molar equivalents of 
acetic acid. These results show that a CS hydrogel can be soluble at about 0.4 molar 
equivalents of acetic acid per sugar unit of CS. Similar behavior was also observed in 
acrylic acid. As D-gluconic acid is in equilibrium with D-glucono-δ-lactone in water, it 
is implied that 0.5 molar equivalents of D-gluconic acid were needed. Also, it was 
observed that L-ascorbic acid behaved in the same way as a monovalent acid. 
Interestingly, in the case of divalent acids, such as oxalic acid, malonic acid, L-tartaric 
acid, and succinic acid, about 0.2 molar equivalents of acid were required because the 
divalent acids have two carboxylic groups per molecule. In other words, 0.4 equivalents 
of the carboxyl group are needed to neutralize a sugar unit of CS. Since the degree of 
deacetylation of CS used in this study is about 80%, only 0.5 molar equivalents of 
anions are implied to be sufficient to neutralize one amino group of CS and dissolve the 
CS hydrogel. 
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(A) (B) 
Fig. 2. Photographs of (A) CS hydrogel and (B) CS solution obtained from CS hydrogel by the 
addition of acetic acid. 
 
Fig. 3. Changes in pH and transmittance of a CS hydrogel with the addition of various acids. 
 
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
acetic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
acrylic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
gluconic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
succinic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
oxalic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
malonic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
L-ascorbic acid/chitosan (mol/mol)
0
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
p
H
T
ra
n
s
m
it
ta
n
c
e
 (
%
T
)
L-tartaric acid/chitosan (mol/mol)
Chapter 2. Preparation of chitosan hydrogel and its solubility in organic acids 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
21 
2.3.3 Viscosity changes of CS solutions 
At different pH, the differences of the stability of the solutions prepared from CS 
hydrogel or CS powder were investigated by measuring the viscosity. First, a CS 
hydrogel or CS powder was dissolved in an acetic acid solution, and the obtained CS 
solution was adjusted to a pH of 3 or 5; however, the CS powder is not soluble at pH 5. 
This result implies that acids can easily penetrate between CS molecules because the 
crystal structure of CS has been destroyed under hydrogel conditions and a large 
amount of water molecules exists around the CS molecules. Therefore, it is suggested 
that excess amounts of acid are not required. The temporal change in the viscosity was 
measured to investigate the stability of the solution at room temperature (Fig. 4). As a 
result, the viscosity of the solutions from the CS hydrogel gradually decreased for 2 
days; however, a decrease in viscosity was hardly observed after that time. Also, the 
decrease in viscosity was observed to be inhibited at higher pH values (decreases of 
30% at pH 3 and 20% at pH 5). On the other hand, the viscosity of solutions of the CS 
powder decreased remarkably compared to the CS hydrogel and the viscosity after 7 
days decreased by 60%. Thus, preparing CS solutions from CS hydrogels is preferred to 
inhibit the decrease in molecular weight. 
 
 
 
2.3.4 Evaluation of the binding state between amino groups and acids as 
determined by 
1
H-NMR spectroscopy 
Investigation of the binding state between acetic acid and the amino groups of 
CS was performed by 
1
H-NMR spectroscopy. First, CS acetate powder was prepared as 
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Fig. 4. Temporal change in viscosity of a CS solution prepared from a CS hydrogel ((a) pH 3;
▲ and (b) pH 5;●) and CS powder ((c) pH 3;■) in an acetic acid solution. 
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a hydrogel, followed by lyophilization. Acetic acid, which does not participate in ionic 
bonding, is removed by lyophilization, and only the acetate ions, which ionically bind 
with the amino groups, are observed in the 1H-NMR spectrum. Fig. 5(A) shows the 1H-
NMR spectrum of a typical CS acetate. Signals corresponding to H-1, H-2, ring-protons, 
and CH3 groups were observed. A magnified image of 1.85–2.20 ppm is shown in Fig. 
5(B). The signals corresponding to the CH3 groups, due to free acetic acid, acetamide of 
GlcNAc, and acetate salt of GlcNH2, are clearly distinguished. Each 
1
H-NMR spectrum 
of CS acetate prepared by the addition of 0.4, 0.7, and 1.0 molar equivalents of acetic 
acid is shown in Fig. 6(A). The signals corresponding to H-1 (from 4.65 to 4.75 ppm) 
and H-2 (from 2.95 to 3.03 ppm) shifted to lower magnetic fields upon formation of an 
ion complex with acetate. A magnified image of 1.85–2.20 ppm, with peaks due to the 
acetyl groups, is shown in Fig. 6(B). The CH3 signals of the acetamide and acetate salt 
were observed at 2.07 and 1.93 ppm, respectively. In contrast, the signal from free 
acetic acid was barely observed. Also, it was confirmed that the signal corresponding to 
the acetate salt increases with an increasing amount of acetic acid. 
 
 
Fig. 5. 
1
H-NMR spectra of CS acetate (addition of 1.0 molar equivalent of acetic acid) in D2O; 
(A) overall view and (B) magnified view. Each spectrum shows the peaks of CH3 groups due to 
(a) free acetic acid, (b) the acetamide of GlcNAc, and (c) the acetate salt of GlcNH2. 
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Next, to investigate the anion-exchange behavior of CS, CS acetate powder from 
the addition of 1.0 molar equivalent of acetic acid was dissolved in D2O or D2O 
containing 1% TFA-d1. The 
1
H-NMR spectra of these solutions were measured to 
observe the binding of acetate ions to CS (Fig. 7). The signal corresponding to the 
acetate salts of GlcNH2 diminished, whereas the signal corresponding to the free acetic 
acid was enhanced. Thus, the ion pair formed with the amino group was readily anion-
exchanged upon addition of TFA. As described above, it is suggested that analysis using 
1
H-NMR spectrometry may be a remarkably effective way for determining the degree 
of acetylation and its local circumstances in CS. The state changes around CS molecules 
in the dissolution process from these results were speculated (Fig. 8). Because the 
hydrogel state is hydrated by water molecules, the intermolecular distance between CS 
Fig. 6. 
1
H-NMR spectra of CS acetate prepared from different additive amounts of acetic acid 
(0.4, 0.7, and 1.0 molar) in D2O; (A) overall view and (B) magnified view. Each spectrum 
shows peaks from the CH3 group due to (a) free acetic acid, (b) the acetamide of GlcNAc, and 
(c) the acetate salt of GlcNH2 
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molecules is sufficiently spread compared with solid state materials. Therefore, the 
added acids could be easily induced between CS molecules.  
 
 
 
 
 
 
 
 
(A) (B) 
a 
b 
c a 
b 
c 
Fig. 7. 
1
H-NMR spectra of CS acetate in (A) D2O and (B) D2O containing 1% TFA. Each 
spectrum shows peaks from the CH3 group due to (a) free acetic acid, (b) the acetamide of 
GlcNAc, and (c) the acetate salt of GlcNH2. 
Fig. 8. Schematic illustrations of the circumstance around CS molecules associated with the 
state changes from hydrogel to solution 
Chapter 2. Preparation of chitosan hydrogel and its solubility in organic acids 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
25 
2.4 Conclusions 
CS hydrogel was readily prepared by addition of a sodium hydroxide solution to 
a CS acetic acid solution and was found to be stable in the wet state for a long period of 
time. This CS neutral hydrogel was stable under wet conditions for a long period, even 
at room temperature when the CS was in hydrogel form. The solubility of CS hydrogel 
toward acids was observed by changes in pH and transmittance, and the CS hydrogel 
could be readily dissolved by addition of acids such as acetic and other organic acids. 
The solubility of CS was remarkably enhanced by hydrogelation, as demonstrated by 
the small amount of acid that was required for dissolution. Only 0.4 molar equivalents 
of acetic acid were required to dissolve the CS hydrogel, compared to the large amount 
of acetic acid required to dissolve the CS powder. On the other hand, clear CS solutions 
were obtained immediately after addition of a minimum amount (less than 1:1 molar 
ratio against the moles of amino groups) of acid, without filtration. The resulting CS 
solutions were fairly stable upon standing for 168 h at room temperature. The stability 
of the CS molecule was confirmed by the stability of the intrinsic viscosity when a CS 
hydrogel was kept at room temperature for 15 days in sealed glass, even without any 
pasteurization. Moreover, the binding state between acetic acid and amino group of CS 
in aqueous solution was discussed from the results of 
1
H-NMR spectroscopy. Each CH3 
signal is attributed to free acetic acid and the acetamido group of GlcNAc, and the 
carboxylate ion related to ionic bonding was clearly observed; the strength of each peak 
changed quantitatively with the addition of acetic acid. As one of the predominant 
advantages of a CS hydrogel is long stability at room temperature without reduction in 
molecular weight, it is expected that the CS hydrogel should be applied for the 
biomaterials and functional materials.  
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3.1 Introduction 
Polyacrylamide (PAAm) is a water-soluble polymer of the acrylamide monomer 
(AAm) [1,2]. AAm is known to be toxic, but polyacrylamide is non-toxic and its easy 
gelation behavior is used in many fields, such as tissue engineering, controlled release 
applications and drug delivery systems [3–7]. AAm is particularly popular for 
polymerization in water, and has a polymerizable group with a double bond in the AAm. 
PAAm is a useful material that is formed by easy polymerization and has several 
applications [8]. 
Chitosan (CS) is produced by the deacetylation of chitin, a natural 
polysaccharide, and is composed of β-(1-4)-D-glucosamine and N-acetyl–β-(1-4)-D-
glucosamine units [9,10]. CS has various advantageous properties such as 
biodegradability, biocompatibility and antibacterial activity [11,12]. Therefore, CS is 
used in many applications, for example, food additives, wood dressings, drug delivery 
systems and other medical applications [13–15]. However, CS is only soluble in acidic 
aqueous solutions, thus, a wide range of applications are not realized [16]. 
Recently, the functionalization of CS has been performed for various evolved 
applications, and includes a range of methods including chemical modification, polymer 
blending and polymerization [17–19]. Graft copolymerization is notable among the 
functionalization methods, because it is suitable to modify CS to improve its chemical 
and physical properties [20]. In this reference, a polymer is grafted onto CS via two 
different reactive groups; the amino group on C-2, and the hydroxyl groups on C-3 and 
C-6. Generally, the grafting of a polymer onto CS is via covalent binding. For example, 
the group of Wang et al. [21] prepared a pH-sensitive composite polymer for controlled 
drug delivery systems, and Wu et al. [22] prepared amphiphilic graft copolymers as 
potential materials for biomedical applications. Such CS grafted copolymers were 
prepared by various polymerization methods such as ring-opening polymerization, 
radical polymerization and so on. 
Atom transfer radical polymerization (ATRP) is a kind of living radical 
polymerization technique that can be used to strictly control the polymerization process 
[23]. This method is widely used with several monomers and solvents. In addition, it 
can be used to produce various types of polymer, such as homogeneous polymers, and 
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polymers from proteins and grafting copolymers [24–27]. Hence, ATRP is especially 
suitable for future biomedical applications that require controlled polymers such as drug 
delivery systems, tissue engineering and regenerative medicine [28–30].  
There have been some reports on the synthesis of CS grafted copolymers by the 
ATRP method. For example, Siegwart et al. [30] prepared grafting polymers of CS for 
use as a drug delivery system, tissue engineering and so on, and Li et al. [31] prepared 
CS beads grafted with PAAm to perform the selective adsorption of mercury ions for 
water purification. However, the bonding between the main and side chains was 
covalent, through the amino group on C-2; thus, the original property of CS was lost. 
We previously reported that a CS hydrogel can be dissolved in the presence of 
0.4 equivalents or more of organic acid with respect to the amino group of CS [32]. The 
organic acid forms an ion pair with the amino group of CS. If the organic acid is 
between 0.4 to 1.0 equivalents with respect to the amino group of CS, the resultant CS 
solution is neutral because there is no free organic acid in the solution. We also revealed 
that the degree of ion pair formation could be controlled by the feed ratio of organic 
acid. Based on these results, ATRP is expected to be possible if the organic acid 
compound with a bromine functionality dissolves the CS hydrogel by using an 
equivalent value of acid regarding the amino group of CS. 
In this study, we have succeeded to prepare the CS grafted PAAm copolymer 
(CS-g-PAAm) by using the electrostatic interaction of 2-bromo-2-methylpropionic acid 
(BMPA) as an initiator and tris (2-pyridylmethyl) amine (TPMA) as the ligand for Cu(I) 
in an aqueous system (Scheme 1). With this method, the attachment of the initiator onto 
CS is easily performed and the construction of CS is not changed because CS needs to 
only be dissolved by BMPA as an initiator without the process of modification. In 
addition, CS-g-PAAm is dissociated by the pH to be formed with regard to the 
electrostatic interaction between CS and the side chain. Therefore, CS-g-PAAm is a pH-
responsive polymer, which is produced in terms of the insolubilization of the CS as the 
basic condition, and the dissociated CS has its original property. The structure of CS-g-
PAAm was characterized using FT–IR, 1H–NMR, TG, and GPC measurements, and the 
dissociation behavior of the side chain was elucidated by changing the pH. 
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Scheme 1. Preparation of CS-g-PAAm 
 
3.2 Experimental 
3.2.1 Materials 
CS derived from crab was supplied by Koyo Chemical Co., Ltd. (FL–80, degree 
of deacetylation (DDA) = 89.7%, viscosity = 15 mPa∙s). TPMA was purchased from 
Tokyo Chemical Industry Co., Ltd. and used without purification. AAm was purchased 
from Wako Pure Chemical Industries Co., Ltd. and purified by recrystallization from 
chloroform before use. Other reagents were purchased from Wako Pure Chemical 
Industries Co., Ltd. and used without purification. 
 
3.2.2 Preparation of CS-BMPA salt 
1.0 g of CS was dissolved in 0.5% acetic acid (200 mL). 10% NaOH (aq) was 
added to the CS solution until pH 8.5–9.0 was reached, monitored using a pH meter 
(Horiba D-74, Japan). The obtained hydrogel solution was permitted to stand for several 
hours, and the precipitated hydrogel was dialyzed against ion-exchange water until the 
outside solution was neutralized. Then, the hydrogel was centrifuged (Hitachi, Himac 
CF-15R, Japan) at 14,000 rpm to remove excess water and dispersed by a blender to 
make a homogeneous hydrogel. The obtained hydrogel was dried at 100°C for 4 hours 
and under reduced pressure for 1 hour to obtain the dry weight of the hydrogel. The 
moisture content of the prepared CS hydrogel was determined 97.9%, calculated by 
using equation (1). 
 
                               (1) 
 
Water content % (w/w) =
  𝑊0 − 𝑊1 
 𝑊0
× 100 
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W0: weight of the initial hydrogel, W1: weight of the dried hydrogel. 
BMPA (0.5–1.0 molar equivalents per CS unit) was added to the CS hydrogel to 
obtain a CS–BMPA solution and the solution was freeze-dried. The obtained CS–
BMPA salt was analyzed by 
1
H–NMR and FT–IR spectroscopies. 
 
3.2.3 Preparation of CS-g-PAAm by ATRP 
Scheme 1 shows the process of polymerization. A two-neck flask was charged 
with 0.14 mmol of BMPA, CS hydrogel in terms of 0.2 mmol of CS unit, 7.0–28.0 
mmol of AAm (50–200 molar equivalents against BMPA), and 2 mL of distilled water 
was stirred for 1 hour. The two-neck flask was attached to an argon balloon with a 
septum. The air was removed from the solution through three freeze-pump-thaw cycles 
under argon. 
Another two-neck flask was charged with 0.15 mmol of CuBr and 0.15 mmol of 
TPMA as a catalyst under argon. This catalyst solution was added to the first two-neck 
flask using a syringe, and the mixture was stirred under the argon for 1 hour at room 
temperature. After polymerization, the solution was dialyzed for two days to remove the 
catalyst and any unreacted AAm. Table 1 summarizes the amounts of the reagents used. 
The obtained CS-g-PAAm solution was freeze-dried and analyzed by 
1
H–NMR 
spectroscopy and thermogravimetric (TG) analyzer. 
 
Table 1. The result of ATRP measured by GPC 
 
entry 
AAm/BMPA 
(mol eq.) 
Yield 
(%) 
Mn 
(×10
4
) 
Mw 
(×10
4
) 
Mw/Mn 
1  50 26.5 0.35 0.47 1.36 
2  75 27.7 0.40 0.53 1.32 
3 100 27.0 0.47 0.65 1.38 
4 125 18.5 0.57 0.71 1.24 
5 150 23.0 0.84 1.13 1.35 
6 200 24.5 1.19 1.64 1.38 
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3.2.4 Dissociation behavior of CS-g-PAAm 
The prepared CS-g-PAAm was dissolved in ion-exchange water and added a 1% 
NaOH solution until pH 11. The insoluble CS was removed by centrifugation and 
filtration. The supernatant was dried by a freeze-dry system and characterized by 
1
H–
NMR spectroscopy and gel permeation chromatography (GPC). 
 
3.2.5 Characterization 
To detect the ion complex between CS and BMPA, the FT–IR spectrum of the 
CS–BMPA salt was recorded between 4000–400 cm-1 (Varian 670-IR, Agilent 
Technologies Co. Ltd., USA) by using the KBr method. Before IR analysis, all samples 
were vacuum-dried overnight and milled to a powder in a mortar. 
1
H–NMR spectra 
were recorded on a JNM-ECA 400 MHz spectrometer (JEOL, Japan) in deuterium 
oxide (D2O). The TG and differential thermogravimetry (DTG) analyses were 
performed on a TG/DTA6200 (SII, Japan) at a heating rate of 10°C/min in N2 
atmosphere over a temperature range of 25–600°C. GPC analysis was performed on a 
HITACHI L-7100 system (Hitachi High-Technologies Corporation, Japan) using a SB-
803HQ column (Showa Denko K.K., Japan) with 0.1 M NaNO3 aqueous solution as the 
eluent. The column oven was set at 40°C, and a refractive index (RI) detector was used 
with a flow rate of 0.60 mL/min. The concentration of the injected samples was 2 
mg/mL. A polyethylene glycol standard sample was used to determine the molecular 
weights of the samples. 
 
3.3 Results and Discussion 
3.3.1 Characterization of CS-BMPA salt 
Generally, the addition of an excess of organic acid is required for the 
dissolution of chitosan powder. Here, a CS hydrogel was used for ATRP because the 
CS hydrogel becomes soluble by the addition of a small amount of organic acid, 
forming an ion pair between the amino group of CS and the carboxyl group of the 
organic acid [32]. Since the initiator, BMPA, used in this ATRP is also an organic acid, 
the degree of grafting can be controlled by changing the feed ratio of BMPA. In 
addition, the solution is expected to be neutral, because all of the BMPA are bound to 
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the CS.  
Thus, to investigate the interaction between BMPA and CS, the 
1
H–NMR 
spectra of BMPA and CS–BMPA were recorded. Fig. 1 shows the results. The signal at 
1.8 ppm corresponding to the methyl groups of BMPA was observed in Fig. 1 (a). In 
Fig. 1 (b), signals of 1.4, 2.1 and 3.0–4.5 ppm were detected and correspond to BMPA 
bonded to CS, the methyl group of the acetamide units in CS and the protons attributed 
to CS backbone, respectively [32,33]. The peak of the BMPA had interacted with CS 
and was shifted to a higher magnetic field, from 1.8 ppm to 1.4 ppm. This shift supports 
the proposal that there is an electrostatic interaction between the carboxyl group of 
BMPA with the amino group of CS, indicating that BMPA forms an ion complex with 
CS. 
 
Figure 1. ¹H-NMR spectra of (a) BMPA and (b) CS-BMPA in D2O 
 
Regarding the integral values of CS–BMPA in its 1H–NMR spectra (Fig. 1 (b)), 
the DDA of CS was calculated from the integral ratio of the methyl group of the 
acetamide unit in CS at 2.1 ppm and the CS backbone at 3.0–4.5 ppm. The ratio of 
acetyl group to CS backbone was calculated to be 0.90, in other words, 90% of the CS 
units have an amino group that can interact with BMPA. In addition, the amount of 
BMPA that interacted with CS was also calculated from the ratio of the integrals of 
BMPA at 1.4 ppm and the CS backbone at 3.0–4.5 ppm. Fig. 2 shows the relationship 
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between the degree of substitution (DS) of the amino group of CS by BMPA and the 
feed ratio of BMPA and CS in molar units. It is apparent that a proportional relationship 
was observed at a feed ratio of 0.7. We have already reported that CS hydrogel can be 
dissolved by adding more than 0.4 molar equivalents of organic acid with respect to the 
amino group of CS [32]. These results suggest that the DS of BMPA can be controlled 
between ratios of 0.4 to 0.7. However, the DS is saturated at 0.75 even when an excess 
of BMPA was added, probably because of steric hindrance and/or dissociation of 
BMPA from the ion complex. 
 
 
 
 
Figure 2. The substitution degree of BMPA with CS in (a) theory and (b) experiment 
 
Fig. 3 shows the FT–IR spectra of CS, BMPA and CS–BMPA salt. The DS of 
the measured CS–BMPA salt was 0.7 molar equivalents of BMPA to CS unit. The main 
characteristic bands of CS were observed at 1653, 1596, 1419, 1379 and 1023 cm
−1
, 
corresponding to amide I, amide II, CH2 bending, CH3 symmetrical deformation and C–
O–C stretching, respectively [34]. The peaks of the CS–BMPA salt were confirmed to 
have changed in comparison to the peaks of pure CS and BMPA, due to the ionic 
interaction between the carboxyl group on BMPA and the amino group of CS. In the 
spectrum of the CS–BMPA salt, the shoulder peak at 1540 cm−1 appeared to shift to a 
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low wavenumber from amide II. This suggests that the amino group of CS was ionized 
and that BMPA had attached to it, because this peak was assigned as a –NH3
+
 groups 
[35]. In addition, the peaks at 1630 and 1409 cm
−1
 appeared to shift from 1709 and 1297 
cm
−1
 in the spectrum of BMPA, and the carboxyl group of BMPA was also detected. 
These shifts show that the carboxyl group was ionized to form an ionic interaction with 
CS [36]. From these results, it was concluded that the CS–BMPA salt was formed from 
an electrostatic interaction between the –COO− of BMPA and the –NH3
+
 of CS. 
 
 
Figure 3. FT-IR spectra of (a) CS, (b) BMPA and (c) CS-BMPA 
 
3.3.2 Characterization of CS-g-PAAm copolymer prepared by ATRP 
Several ligands are available for the catalyst of ATRP [37], however, most of 
them are not suitable for use with the CS system due to their precipitation by chelation 
with the ligand as well as any change in pH of the solution. Protic solvents such as 
water cause inactivation of the catalyst by coordination of solvent molecules to the 
copper [38]. Although there are several difficulties to achieve ATRP in an aqueous 
system, we found that TPMA can undergo ATRP as a ligand for Cu(I). Thus, it was 
possible to prepare the grafted copolymer of CS in an aqueous system as well as control 
the degree of grafting by changing the feed ratio of BMPA. 
Fig. 4(a) shows the 
1
H–NMR spectrum of the prepared CS-g-PAAm. The 
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signals at 1.1, 1.5–1.9, 2.1, 2.15–2.4, 2.9 and 3.5–4.0 ppm are peaks corresponding to 
the methyl groups of BMPA bonded with CS, the methine and methylene groups in 
PAAm, the methyl group of acetylated units in the CS, H-2 and H-3–6 of the CS 
backbone, respectively [39]. The peak of BMPA in the polymerized PAAm was shifted 
to a higher magnetic field, from 1.4 ppm to 1.1 ppm, and the peaks from the protons of 
the CS backbone grafted PAAm were also shifted to a higher magnetic field compared 
to the spectrum of the CS–BMPA salt. In addition, the peaks attributed to PAAm were 
confirmed in this spectrum. These shifts show the successful polymerization of PAAm 
onto CS–BMPA. 
 
Figure 4. ¹H-NMR spectra of CS-g-PAAm (a) before dissociation and (b) after dissociation in 
D2O 
 
The degree of polymerization (DP) of PAAm was calculated by using the ratio 
of the integrals from BMPA at 1.1 ppm and PAAm at 2.15–2.4 ppm, respectively. Fig. 
5 shows the result of DP of PAAm in CS-g-PAAm before and after dissociation. In this 
result, an increase in the amount of added AAm caused an increase in the DP of PAAm. 
Therefore, the DP of PAAm as a side chain in CS-g-PAAm can be controlled by 
adjusting the amount of AAm added as a monomer. 
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Figure 5. The degree of polymerization of PAAm in CS-g-PAAm (a) before dissociation and 
(b) after dissociation measured by ¹H-NMR method 
 
Fig. 6 shows TG and DTG curves of CS, CS-g-PAAm, PAAm and a polymer 
blend of CS/PAAm. The polymer blend of CS/PAAm was prepared by mixing CS and 
PAAm powders in a mortar. In all samples, the first stage of about 6% weight loss was 
before 150°C and was caused by water evaporation. In the TG curve of CS, the peak at 
300°C was the degradation of polysaccharide chains, which included the dehydration 
and deamination of CS. Three samples containing a PAAm component (CS-g-PAAm, 
PAAm and polymer blend of CS/PAAm prepared to have the same weight ratio as CS-
g-PAAm) showed two peaks at 300°C and 423°C, which correspond to the thermal 
decomposition of the amide group and the CS backbone of the polymer [40,41]. It is 
interesting that PAAm and the polymer blend of CS/PAAm showed only a small weight 
loss of about 4% at 180°C, probably because of degradation of the PAAm component. 
However, this decomposition was not observed in the grafted copolymer (CS-g-PAAm) 
system, suggesting an increased thermal stability of the PAAm component in the grafted 
copolymer.  
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Figure 6. TG (a) and DTA (b) of CS, PAAm, polymer blend of CS/PAAm and CS-g-PAAm 
 
3.3.3 Dissociation behavior of CS-g-PAAm 
Since the grafting point of CS-g-PAAm is composed of an ion pair, PAAm is 
dissociated by the addition of NaOH solution. In this basic medium, the CS precipitates 
and the PAAm is dissolved in the supernatant, because the insolubilization of CS occurs 
to dissociate the side chain with regard to the acid which can dissolve CS. PAAm was 
isolated from the supernatant and characterized by 
1
H–NMR. Fig. 4(b) shows the 1H–
NMR spectrum of the PAAm dissociated from CS-g-PAAm. The peaks and the integral 
values corresponding to BMPA and PAAm had not changed after the dissociation 
process when compared to the 
1
H–NMR spectrum of CS-g-PAAm. On the other hand, 
the peak corresponding to CS had completely disappeared after dissociation. Therefore, 
it was confirmed that CS-g-PAAm can be easily dissociated by simply increasing the 
pH. 
The molecular weights (Mw and Mn) of PAAm dissociated from CS-g-PAAm 
were obtained by GPC measurement and are shown in Table 1. Fig. 7 shows the 
relationship between the DP of PAAm in CS-g-PAAm and the feed ratio of AAm and 
BMPA in molar units. The DP values from the GPC measurement were similar to those 
from 
1
H–NMR measurement. The DP of PAAm can be controlled to adjusting the 
amount of monomer added. The polydispersity index (Mw/Mn) of PAAm was around 
1.2 to 1.4, which is higher than other polymers prepared by ATRP [23–30]. However, 
this report is an example of copper-mediated ATRP in a protic solvent, water, and the 
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value of Mw/Mn is still low compared to other methods of polymerization, such as 
normal radical polymerization. Therefore, the graft chain of this copolymer can be used 
to control the molecular weight by this polymerization method. Moreover, the side 
chain of this copolymer can be exchanged with other polymers such as poly(N-
isopropylacrylamide), and append a different property, such as a temperature responsive 
polymer. 
 
Figure 7. The degree of polymerization of PAAm in CS-g-PAAm based on (a) Mn and (b) Mw 
measured by GPC method 
 
3.4 Conclusions 
The CS-g-PAAm is a water-soluble polymer prepared by ATRP. The DS of CS–
BMPA salt and the DP of PAAm onto the CS-g-PAAm could be controlled by the 
additive amounts of BMPA used to dissolve a CS hydrogel and the additive amounts of 
AAm in ATRP, respectively. The main chain of CS and the side chain of PAAm in CS-
g-PAAm were easily dissociated by increasing the pH. Moreover, the side chain of the 
copolymer can be exchanged with other polymers such as poly(N-isopropylacrylamide) 
to yield a different property such as a temperature responsive polymer. Although this 
polymerization needs some improvement, it is shown that the development of a novel 
grafted CS copolymer is possible. The concept described in this study can be expected 
as the preparation method of an effective biomaterial for the controlled drug release 
based on polymer support. 
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4.1 Introduction 
Chitosan (CS) is derived from a polysaccharides named chitin and it is well 
known as one of the most abundant natural biopolymers in the world [1–3]. In addition, 
CS is used as a prominent biomaterial, because it has a lot of properties such as 
antibacterial activity, biocompatibility, biodegradability and wound healing ability [4–
7]. CS was cationic polymer, which has amino group (–NH2) in its glucosamine units 
and has a pKa value of about 6.5 therefore, it can be dissolve in acid solution [8]. 
Sodium alginate (SA) is a natural biopolymer consisting of (1,4) β-D-mannuronate and 
α-L-guluronate [9]. SA can be extracted from seaweeds and used in food industry as 
thickener, stabilizer and gelatinizer to boost up some properties such as biocompatibility, 
moisture retention, high viscosity and easy gelation [10–12]. SA is sodium salt of 
anionic polymer which has carboxyl group (–COOH) and can be dissolved in neutral 
and basic aqueous solution [13]. 
Polyelectrolyte complex (PEC) is obtained by the formation of electrostatic 
interaction between anionic and cationic polymers and by this way PEC is slightly 
soluble in water [14]. PEC can form gel by adjusting pH, temperature and concentration 
without the addition of a crosslinking agent which is generally a toxic agent [15–16]. 
PEC has some interesting properties such as good permeability and electrolyte affinity 
and is known similar to biopolymers in living things [17]. Therefore, it can be used for 
biomedical applications, such as drug delivery, clinical bone and tissue engineering 
[18–20]. 
The selection of CS and SA to produce a PEC material might lead to several 
benefits because the both polymers have many useful intrinsic properties originating 
from being ionic natural polymers which can be used in medical applications. For 
example, X. Meng et al. [21] used PEC for colon targeted wound dressings, and Y.-C. 
Ho et al. [22] used PEC for tissue engineering. In their reports, the SA–CS PEC gel was 
prepared by mixing SA–CS solution by mechanical stirring to get gel. However, 
gelation might occur immediately as soon as SA and CS solution were blended, so that 
the gel might be heterogeneous. A. S. Yury et al. prepared PEC to dissolve CS powder 
in SA solution using D-gluconolactone (GDL) [23]. Since GDL is in equilibrium with 
gluconic acid in an aqueous solution [24], CS powder becomes to dissolving slowly in 
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the SA solution and the gel of CS and SA was slowly formed. However, the SA–CS 
PEC was heterogeneous due to the insufficient mixing of SA and CS in the molecular 
level. 
Recently, it was reported that the uniform gel of SA and chitinous compound 
was prepared by using chitosan oligomer (CSO) with GDL for gelation [25]. Since CSO 
can be dissolved in basic aqueous solutions due to its decreased molecular weight; 
therefore, CSO solution can be mixed in SA solution without immediate precipitation. 
Thus, homogenenous gel of SA and CSO was obtained using GDL. However, SA–CSO 
gel is not an exact PEC gel, because CSO is a low molecular weight oligomer. 
Therefore, there is not an no chain entanglement of a molecular chain between SA and 
CSO. For this reason, mechanical properties of CSO were weak due to partial polymer 
interaction [26]. 
In this work, novel PEC gel of SA–CS was prepared using basic CS solution. 
Generally, CS cannot be dissolved in basic solution but it was found that the preparation 
method of basic CS solution by adding sodium hydrogen carbonate can be done in this 
work. In this discovery, homogeneous and transparent SA–CS solution can be prepared 
and the gelation can be performed easily by adding GDL. By our proposed method, the 
homogeneous SA–CS PEC gel with high mechanical strength could be produced. 
Several properties of the SA–CS PEC gel were investigated by FT-IR, TG-DTA and 
Rheological measurements. 
 
4.2 Experimental 
4.2.1 Materials 
CS was provided by Koyo Chem. Co., Ltd. (FL-80, Mw=5.3×10
4
, DAC=85.6%). 
The weight-average molecular weight (Mw) and the degree of deacetylation (DAC) of 
CS were determined by GPC and 
1
H-NMR, respectively. SA was provided by Kimika 
Co. Ltd. (Grad I-S). GDL was purchased from Tokyo Chemical Industry Co., ltd. Other 
chemicals were purchased of analytical grade from Wako Pure Chemical Industries Co., 
Ltd. and used without purification. 
 
4.2.2 Preparation of SA/CS PEC gel 
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To prepare 1% basic CS solution, 0.25 g of CS was mixed with 10 mL of 
distilled water and added 14 mL of 0.1 M acetic acid solution. In this case, the molar 
ratio of monomer unit of CS to acetic acid was equal to 1:1. Then 0.5 g of sodium 
hydrogen carbonate powder was added into the CS solution, followed by vigorous 
stirring. The generated CO2 gas in the CS solution was removed by aspirator, because 
the much sodium hydrogen carbonate is added for stabilization of the basic CS solution.  
Finally, pH of CS solution was adjusted about 7–8. The basic CS solution of 2 and 4% 
(molar ratio of monomer unit of CS to acetic acid equal to 1:1) were prepared using 
0.75 and 1.25 g of NaHCO3, respectively. 
SA was dissolved in distilled water to get the concentration of 0.5, 1 and 2%. SA 
solution and basic CS solution were mixed and stirred until the solution became 
homogeneous, and then 1M GDL solution was added into the solution in order to form 
the gel.  
 
4.2.3 Measurements of SA/CS PEC gel 
4.2.3.1 
1
H NMR measurements 
Acetic acid (1.0 molar equivalent per amino group) was added to the suspension 
of CS hydrogel. The obtained CS solution was lyophilized to give CS acetate powder. 
The powder was dissolved in deuterium oxide (D2O). Basic CS solution was prepared 
by adding sodium hydrogen carbonate into CS solution. The 
1
H-NMR  spectra of these 
solutions were measured using an NMR spectrometer (JEOL ECA400, Japan) to 
observe the interaction of sodium hydrogen carbonate and CS. CS oligomer (CSO) was 
used to prepare the solution to operate 
13
C-NMR spectra. 
 
4.2.3.2 Infrared absorption spectrometry 
FT-IR spectra of PEC samples were measured by VARIN model 670-IR using 
KBr method. The measured sample was prepared by freeze drying. 
 
4.2.3.3 Rheological measurement 
The rheological characterization of SA–CS PEC gels was performed by using a 
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Rheometer (HAAKE MARS, Thermo Fisher Scientific Inc.) with a parallel sensor (a 
diameter of 35 mm). The measured parameters were strain, time and frequency sweep at 
37 °C. The strain of the sweep test was varied to be 0.01–100% at frequency of 1 Hz to 
determine the linear viscoelastic region of the SA–CS PEC gel. The time of the sweep 
test was measured for 300 second at frequency of 1 Hz and at the strain of 0.1% for 
confirmation of the gelation process. These measurements were performed using the 
SA–CS PEC gel prepared using 0.5% SA and 1% CS solution where the molar ratio of 
monomer unit of CS to SA sample was 0.1. The frequency of the sweep test was 
measured at various frequency of 0.1−10 Hz with strain of 0.1% on the linear 
viscoelastic region. To investigate the effect of molar ratio of monomer unit of CS to 
SA on rheological property, the molar ratio of monomer unit of CS to SA sample was 
varied from 0.1–2.0 using 0.5% SA and 1% CS solutions, respectively. In addition, to 
investigate the effect of concentration of SA and CS, three different SA-CS PEC gels 
were prepared using higher concentration of SA (0.5, 1.0 and 2.0%) and CS (1.0, 2.0 
and 4.0%), respectively, while the molar ratio of monomer unit of CS to SA was kept at 
1. 
 
4.3 Results and Discussion 
4.3.1 Preparation of SA/CS PEC gel 
Successful preparation of homogeneous PEC gel based on SA and CS was 
contributed the discovery of dissolution of CS in basic medium. Since CS is a cationic 
polysaccharide with pKa of 6.5, it precipitates in the medium more than pH 7. Basic CS 
solution (pH 7–8) was prepared adding sodium hydrogen carbonate into acetic acid 
solution of CS. Characteristic of CS in basic solution medium was investigated by 
1
H- 
and 
13
C-NMR spectroscopy. All of the signal assignments below are based on the two-
dimensional NMR measurement (COSY) as shown in the Supplementary materials. 
The 
1
H-NMR spectra of CS solution and basic CS solution are shown in 
Figs.1(A)–(C), respectively. Fig. 1(A) demonstrates that the signals of about 3.15 and 
3.5–4.0 ppm were corresponding to H-2 and H-3–6 from CS, respectively [27, 28]. A 
part of signal of H-1 was observed at 4.5 ppm, however another part was not confirmed 
because of overlap with D2O signal of about 4.9 ppm. The CH3 signals of the acetamide 
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and acetate salt of GlcNH2 were observed at 2.07 and 1.97 ppm, respectively based on 
our former results [29]. Degree of deacetylation of CS was calculated as 85.6 % using 
integral values of these peaks. Since the molar ratio of monomer unit of CS and acetic 
acid was equal to 1:1, all of the acetic acid is consumed to form salt with CS thus the 
signal from free acetic acid was not observed at 2.09 ppm. 
In the case of basic CS solution where sodium hydrogen bicarbonate was added 
4-fold molar equivalent, drastic signal change was observed (Fig. 1(B)). It was 
interesting that the signal of 1.97 ppm (acetate salt of GlcNH2) disappeared and new 
signal of 1.92 ppm appeared. The new peak is corresponding to sodium acetate which 
was produced by the reaction with sodium hydrogen bicarbonate to prepare the basic CS 
solution. It was confirmed that the signal of H-2 split into two (2.7 and 3.4 ppm). In this 
case, the combined integration of the H-2 peaks was calculated to 1.0 compared with 
that of H-3–6 (4.0). In addition, the signal of H-1 also split into two around 4.4–4.6 ppm. 
These split were more evident using higher concentration of sodium hydrogen 
bicarbonate (Fig. 1(C)). These finding suggest something happens in amino group in 
GlcNH2 at C-2 position after adding sodium hydrogen bicarbonate. 
 
Figure 1. 
1
H-NMR  spectra of CS acetate and its basic solution (addition of 1.0 molar 
equivalent of acetic acid) in D2O; (A) CS solution, basic CS solution prepared by addition of 
(B) 4.0 and (C) 8.0 molar equivalent of sodium hydrogen carbonate, respectively. Each 
spectrum shows the peaks of CH3 group due to (a) the acetamide of GlcNAc, (b) the acetate salt 
of GlcNH2, and (c) the sodium acetate. 
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Carbon 13 NMR measurement was performed to clarify this matter, however 
sufficient signals were not measured due to the low intensity using CS. Thus, CS 
oligomer (CSO) was used for this purpose. The results are shown in Figs. 2(A)–(D). 
Carbonyl and methyl carbon signals of acetate were measured at 179.6 and 25.1 ppm, 
respectively in the acetic acid solution of CSO (Fig. 2(A)). In this case, acetic acid 
forms salt with amino group of CSO as acetate. After the sodium hydrogen bicarbonate 
was added 1.2-fold molar equivalent per amino group of CSO, carbon dioxide was 
evolved and solution was still kept transparent. In this case, these two signals shifted 
slightly (184.1 and 26.1 ppm) and no signal of bicarbonate was observed (Fig. 2(B)). 
Sodium hydrogen carbonate was consumed to neutralize acetate to form sodium acetate 
and evolve carbon dioxide. New signals (around 162.9 and 166.6 ppm) were observed 
adding the sodium hydrogen carbonate more than 1.4-fold molar equivalent (Figs. 2(C), 
(D)). The former corresponds to the carbon atom of carbonate and bicarbonate ions, 
which are fast exchanging on the NMR time scale via proton scrambling [30]. The latter 
seems to be corresponding to carbamate ion moiety (-NHCO2
-
) which would be 
produced by the reaction of carbonate and bicarbonate ions with amino group of CSO, 
because acetate was already consumed and carbamate ion shows the signal at 166 ppm 
[30]. Thus, amino group at C-2 position of CSO was modified to carbamate ion moiety 
and that is why it is soluble in basic medium (pH is around 8). In addition, new signal 
observed at 105 ppm may be corresponds to internal C-1 of CSO in which C-2 amino 
group was modified to carbamate. Intensity of these two signals increased as the 
increase of added amount of sodium hydrogen bicarbonate. It should be noted that the 
reaction to produce carbamate is a reversible reaction (K<<1) and N-C bond is easily 
cleaved by adding acid.  
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Figure 2. 
13
C-NMR spectra of CSO acetate and its basic solution (addition of 1.0 molar 
equivalent of acetic acid) in D2O; (A) CSO solution, basic CSO solution prepared by addition of 
(B) 1.2, (C) 1.4 and (D) 2.0 molar equivalent of sodium hydrogen carbonate, respectively. Each 
spectrum shows the peaks of CH3 group due to (a) the acetic acid and (b) the sodium acetate; 
carbonyl carbon due to (a’) the acetic acid, (b’) the sodium acetate, (c) the carbamate moiety of 
GlcNHCO2
-
 and (d) the carbonate and bicarbonate ions. 
 
Proton NMR measurement was also performed using the same solution of CSO 
(Figs. 3(A)–(D)). Fig. 3(A) demonstrates that the signals of about 3.1 and 3.4 ppm were 
corresponding to H-2 and H-2from reducing end of CSO dissolved in D2O as acetate 
salt, respectively. The signal around 3.1–3.2 ppm was corresponding to H-2 from inner 
GlcN moieties. After the addition of 1.2-fold molar equivalent of sodium hydrogen 
bicarbonate, acetate was completely consumed thus glucosamine moiety became free 
GlcNH2 Fig. 3(B). As the added amount of sodium hydrogen carbonate increased (Fig. 
3(C), 3(D)), the signal of H-2 shifted to the higher magnetic field (around 3.0 ppm). 
According to the 
13
C-NMR results, production of carbamate ion moiety (-NHCO2-) is 
expected using sodium hydrogen carbonate more than 1.4-fold molar equivalent. In 
contrast, signals of H-1 (H-1; 5.4ppm, H-1; 4.9 ppm and H-1 from inner GlcN 
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moieties; hindered in the deuterium oxide area) did not shifted by the addition of 
sodium hydrogen carbonate. A remarked change in the H-2 signal supports the 
expectation that the 2-amino group of GlcN is carbamated. Such signals due to the 
carbamate formation were observed at 4.5 ppm (H-1 from GlcNHCO2
-
) and 3.4 ppm 
(H-2 from GlcNHCO2
-
), respectively. The assignment was based on the COSY 
measurements. 
 
Figure 3. 
1
H-NMR  spectra of CSO acetate and its basic solution (addition of 1.0 molar 
equivalent of acetic acid) in D2O; (A) CSO solution, basic CSO solution prepared by addition of 
(B) 1.2, (C) 1.4 and (D) 2.0 molar equivalent of sodium hydrogen carbonate, respectively. The 
assignments were as follows: (a) H-2; (b) H-2; (c) H-2 of inner sugar units; (d) H-2 of 
GlcNH2; (e) H-1; (f) H-1; (g) H-1 of GlcNHCO2
-
; (h) H-2 of GlcNHCO2
-
. 
 
Based on these results, signals of H-1 and H-2 in CS system (Fig.1) are assigned 
as follows. Two split signals of 2.7 and 3.4 ppm observed under the addition of sodium 
hydrogen carbonate are corresponding to H-2 from free GlcNH2 and H-2 from 
GlcNHCO2
-
, respectively. Similarly, two split signals of 4.5 and 4.6 ppm are 
corresponding to H-1 from GlcNHCO2
-
 and free H-1 from free GlcNH2, respectively. 
According to the NMR measurement results, preparation mechanism of SA–CS 
PEC gel is summarized in Fig. 4. CS can be dissolved in basic medium (around pH 8) 
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using sodium hydrogen bicarbonate because 2-amino group of GlcN is carbamated to 
form GlcNHCO2
-
 moiety. Typical anionic polysaccharide of SA can be dissolved in this 
pH region in the dissociated form, therefore SA and carbamoyl-CS can be mixed 
together without precipitation and the transparent solution was obtained. Since D-
gluconolactone (GDL) is in equilibrium with gluconic acid in aqueous solution, pH of 
the mixed solution of SA and carbamoyl-CS decreased slowly to around 4.5 [25]. 
Therefore, CS will be re-produced by the decomposition of carbamoyl-CS. If the pH of 
the solution became below 6.5, protonation of amino group of CS occurred gradually 
and gelation proceeds gradually based on the electrostatic interaction between SA and 
CS. Thus, homogeneous SA–CS PEC gel was prepared.  
 
Figure 4. Schematic illustrations of the gelation mechanism. 
 
The FT-IR spectra of SA–CS and SA–CS PEC gel are shown in Fig. 5. The 
characteristic FT-IR bands of CS were appeared at 1652, 1601, 1421, 1381 and 1027 
cm
-1
, corresponding to amide I, amide II, CH2 bending, CH3 symmetrical deformation 
and C–O–C stretching, respectively [31, 32]. For SA spectrum, the peaks at 1608 and 
1418 cm
-1
 are represented the asymmetric and symmetric stretching vibrations of the –
COO
-
 group, respectively. The peaks at 1089 and 1029 cm
-1
 are corresponded to the 
stretching vibration of the C–O–C bond [33, 34]. For SA-CS PEC gel, the peaks at 1615 
and 1414 cm
-1
 shifted from 1608 and 1418 cm
-1
 and peak intensity increased comparing 
to those of SA. The shoulder peak at 1572 cm
-1
 was assigned –NH3
+
 groups. This peak 
of SA–CS PEC gel was shifted to lower wavenumber comparing to the amide II of CS. 
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In addition, the band at 1033 cm
-1
 is overlapped by the shifted band at around 980 cm
-1
 
[22, 35]. These peaks presented ionic interactions between the –COO- of SA and the –
NH3
+
 of CS. From these result, it is suggested that the SA-CS PEC gel contain ionic 
interaction between SA and CS. 
Figure 5. FT-IR spectra of CS, SA, GDL and SA-CS PEC gel. 
 
4.3.2 Rheological property 
Fig.6(A) shows the results of storage modulus (G’) and loss modulus (G”) of 
SA-CS PEC gel as strain sweep of 0.01–1000% by rheometer. The molar ratio of CS to 
SA was adjusted to 0.1. The SA–CS PEC gel showed gel state in the strain of 0.01–
100 % region, because G’ value was bigger than G” value in this region. In addition, 
The SA–CS PEC gel showed liner viscoelastic regime in the strain of 0.01–1 % region. 
The G’ value for the strain of over 1% decreased with increased deformation. Thus, the 
optimum of strain seems to be chosen to below 1% for the better stability of the gel 
form. Therefore, the strain of 0.1% was chosen for this SA-CS PEC gel for the 
following rheology measurements. 
Fig.6(B) shows the result of time sweep test under the strain of 0.1%. The SA–
CS solution without GDL was confirmed not to transform to gel state, because the value 
of G’ value was smaller than G” value. When GDL was added in the mixed solution of 
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SA and CS basic solution, although the value of G’ was less than G” at the first stage, G’ 
increased so quickly beyond G” and reached maximum for about 3 minutes. And then, 
G’ become an apparent equilibrium of about 60 Pa. It was suggested that this gelation of 
this solution was completed for 3 minutes from adding GDL. In this work, test sample 
which was used to next frequency sweep test was prepared by standing for over 3 
minutes after addition of GDL solution. 
 
Figure 6. Rheology measurements for (A) strain sweep and (B) time sweep measurements for 
SA–CS PEC gels. The molar ratio of CS/SA was adjusted to 0.1. 
 
Fig. 7(A) shows the results of frequency sweep test for strain of 0.1%. The 
storage modulus of SA-CS PEC gel show liner viscoelastic regime in all samples 
suggesting that this composite gel formed uniform gel and performed gelation even 
adding a few amount of CS. The elastic moduluses (G’ and G”) of SA–CS PEC gel at 
frequency of 10 Hz are shown in Fig. 7(B). All of the samples seem to be in gel form 
because G’ is higher than G”. The elastic moduluses increased as the increase of the 
ratio of CS in the gel and finally reached to maximum value at the mol ratio of SA:CS = 
1:1. When the amount of CS was more than SA, the elastic modulus of SA–CS PEC gel 
decreased. The interaction between SA and CS was found to be a maximum at 
equimolar reaction. The maximum of elastic modulus of the SA–CS PEC gel became 
over 103 Pa which was about 10 times more than that of SA–CSO gel.  
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Figure 7. Rheology measurements for (A) frequency sweep and (B) dynamic storage 
modulus measured at 10 Hz for SA–CS PEC gels. Molar ratios of CS/SA were 0.1, 0.2, 0.5, 1.0 
and 2.0, respectively. 
 
Three different SA–CS PEC gels were prepared using higher concentration of 
SA (0.5, 1.0 and 2.0%) and CS (1.0, 2.0 and 4.0%), respectively, while the molar ratio 
of monomer unit of CS to SA was kept at 1. In this case, total concentrations of SA and 
CS in the gel were 0.67, 1.33 and 2.67%, respectively. The elastic modulus (G’ and G”) 
of these SA–CS PEC gel at frequency of 10 Hz are shown in Fig. 8. Both the G’ and G” 
values showed proportional dependence on the concentration of SA and CS in the gel. 
The maximum of G’ value of the SA-CS PEC gel was close to 7,000 Pa. This increased 
elastic modulus suggests increase of electrostatic interaction and polymer entanglement 
interaction between SA and CS. From the results, it was suggested that SA–CS PEC gel 
could be prepared as homogeneous gel with higher elastic modulus by using this 
gelation system. 
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Figure 8. Dynamic storage modulus for several SA-CS PEC gels measured at 10 Hz. The 
concentrations (%) of CS and SA were (a) 1.0 : 0.5; (b) 2.0 : 1.0 and (c) 4.0 : 2.0, respectively, 
while the molar ratio of CS/SA was kept at 1. 
 
4.4 Conclusions 
The novel SA–CS PEC gel was successfully prepared by using basic CS 
solution. The gelation mechanism of SA–CS PEC gel was confirmed by 1H- and 13C-
NMR measurements and found that CS was transformed to carbamate ion state in the 
basic condition (around pH 8) thus it could be dissolved with anionic polysaccharide of 
SA. This discovery will extend the further application of chitosan in several areas that 
could not be used under acidic condition. Further, this pH responsive PEC gel is 
expected to use for biomedical applications such as tissue engineering and regeneration 
scaffolding material that could not be used under acidic condition. Further, this pH 
responsive PEC gel is expected to use for biomedical applications such as tissue 
engineering and regeneration scaffolding material.  
 
References 
[1] H. Nagahama, N. Nwe, R. Jayakumar, S. Koiwa, T. Furuike, H. Tamura,. Novel 
biodegradable chitin membranes for tissue engineering applications, Carbohyd. Polym., 
73(2), 295–302 (2008). 
Chapter 4. Preparation of polyelectrolyte complex gel of sodium alginate with chitosan using basic 
solution of chitosan 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
61 
[2] H. Tamura, H. Nagahama, S. Tokura, Preparation of chitin hydrogel under mild 
conditions, Cellulose, 13(4), 357–364 (2006).  
[3] R. Jayakumar, D. Menon, K. Manzoor, S. V. Nair, H. Tamura, Biomedical applications of 
chitin and chitosan based nanomaterials—A short Review, Carbohyd. Polym., 82(2), 
227–232 (2010). 
[4] A. Anitha, V. V. D. Rani, R. Krishna, V. Sreeja, N. Selvamurugan, S. V. Nair, H. Tamura, 
R. Jayakumar, Synthesis, characterization, cytotoxicity and antibacterial studies of 
chitosan, O-carboxymethyl and N, O-carboxymethyl chitosan nanoparticles, Carbohyd. 
Polym., 78(4), 672–677 (2009). 
[5] C. R. Carvalho, R. López–Cebral, J. Silva–Correia, J. M. Silva, J. F. Mano, T. H. Silva, T. 
Freier, R. L. Reis, J. M. Oliverira, Investigation of cell adhesion in chitosan membranes 
for peripheral nerve regeneration, Mater. Sci. Eng., C71, 1122–1134 (2017). 
[6] V. Dodane, V. D. Vilivalam, Pharmaceutical applications of chitosan, Pharm. Sci. 
Technol. Today, 1, 246–253 (1998). 
[7] R. Jayakumar, M. Prabaharan, P. T. S. Kumar, S. V. Nair, H. Tamura, Biomaterials based 
on chitin and chitosan in wound dressing applications, Biotechnol. Adv., 29(3), 322–337 
(2011). 
[8] Y. Chen, V. Javvaji, I.C. MacIntire, S.R. Raghavan, Gelation of Vesicles and 
Nanoparticles Using Water-Soluble Hydrophobically Modified Chitosan, Langmuir, 29, 
15302−15308 (2013). 
[9] T.A. Davis, F. Llanes, B. Volesky, G. Diaz-Pulido, L. McCook, A. Mucci, 1H-NMR  
Study of Na Alginates Extracted from Sargassum spp. in Relation to Metal Biosorption, 
Appl. Biochem. Biotech., 110, 75–90 (2003). 
[10] C.G. Gomez, M.V.P. Lambrecht, J.E. Lozano, M. Rinaudo, M.A. Villar, Influence of the 
extraction–purification conditions on final properties of alginates obtained from brown 
algae (Macrocystis pyrifera), Int. J. Biol. Macromol., 44, 365–371 (2009). 
Chapter 4. Preparation of polyelectrolyte complex gel of sodium alginate with chitosan using basic 
solution of chitosan 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
62 
[11] H. Tamura, Y. Tsuruta, S. Tokura, Preparation of chitosan-coated alginate filament, 
Mater. Sci. Eng., C20(1), 143–147 (2002). 
[12] K. Y. Lee, D. J. Mooney, Alginate: Properties and biomedical applications. Prog. Polym. 
Sci., 37, 106–126 (2012).  
[13] M. Zhang, H. Lin, L. Hongjun, B.-Q. Liao, X. Wu, R. Li, Effect of calcium ions on 
fouling properties of alginate solution and its mechanisms, J. Membrane Sci., 525, 320–
329 (2017). 
[14] J.H. Hamman, Chitosan Based Polyelectrolyte Complexes as Potential Carrier Materials 
in Drug Delivery Systems, Mar. Drugs, 8, 1305–1322 (2010). 
[15] B. Philipp, H. Dautzenberg, K-J Linow, J. Kotz, W. Dawydof, Polyelectrolyte Complexes 
– Recent Developments and Open Problems, Prog. Polym. Sei., 14, 91–172 (1989). 
[16] G. Li, G. Zhang, R. Sun, C.-P. Wong, Dually pH-responsive polyelectrolyte complex 
hydrogel composed of polyacrylic acid and poly (2-(dimthylamino) ethyl methacrylate), 
Polymer, 107, 332–340 (2016). 
[17] H. Yanagisawa, Analysis of Cell Adhesion and Intraceller Signal Transduction on the 
Polyelectrolyte Complex Coating Cell Culture, J. Jpn. Prosthodont. Soc., 46, 521–529 
(2002).  
[18] S. Pandey, A. Mishra, P. Raval, H. Patel, A. Gupta, D. Shah, Chitosan–pectin 
polyelectrolyte complex as a carrier for colon targeted drug delivery, J. Young Pharm., 5, 
160–166 (2013). 
[19] M. Terauchi, G. Ikeda, K. Nishida, A. Tamura, S. Yamaguchi, K. Harada, N. Yui, 
Supramolecular Polyelectrolyte Complexes of Bone Morphogenetic Protein-2 with 
Sulfonated Polyrotaxanes to Induce Enhanced Osteogenic Differentiation, Macromol. 
Biosci., 15, 953–964 (2015). 
[20] D. Puppi, C. Migone, A. Morelli, C. Bartoli, M. Gazzarri, D. Pasini, F. Chiellini, 
Microstructured chitosan/ poly(γ-glutamic acid) polyelectrolyte complex hydrogels by 
Chapter 4. Preparation of polyelectrolyte complex gel of sodium alginate with chitosan using basic 
solution of chitosan 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
63 
computer-aided wet-spinning for biomedical three-dimensional scaffolds, J. Bioact. 
Compat. Pol., 31(5), 531–549 (2016). 
[21] X. Meng, F. Tian, J. Yang, C.-N. He, N. Xing, F. Li, Chitosan and alginate 
polyelectrolyte complex membranes and their properties for wound dressing application, 
J. Mater. Sci. Mater. Med., 21, 1751–1759 (2010). 
[22] Y.-C. Ho, F.-L. Mi, H.-W. Sung, P.-L. Kuo, Heparin-functionalized chitosan–alginate 
scaffolds for controlled release of growth factor, Int. J. Pharm., 376, 69–75 (2009). 
[23] A.S. Yury, A. I. Nadezhda, A.S. Sergei, In situ formation of chitosan hydrogels with 
anionic polysaccharides, Mendeleev. Commun., 19, 149–151 (2009). 
[24] T. T. Khong, O. A. Aarstad, G. kjåk–Bræk, K. I. Draget, K. M. Vårum, Gelling Concept 
Combining Chitosan and Alginate–Proof of Principle, Biomacromolecules, 14, 
2765−2771 (2013). 
[25] S. Yury, I. Nadya, S Vladimir, Bionanocomposites Formed by in situ Charged chitosan 
with Clay, Green Chem., 11, 1758−1761 (2009). 
[26] S. N. Kulikov, V. E. Tikhonov, E. A. Bezrodnykh, S. A. Lopatin, V. P. Varlamov, 
Comparative Evaluation of Antimicrobial Activity of Oligochitosans against Klebsiella 
pneumoniae, Russ. J. Bioorg. Chem., 41(1), 57–62 (2015). 
[27] M.R. Kasaai, Determination of the degree of N-acetylation for chitin and chitosan by 
various NMR spectroscopy techniques: A review, Carbohyd. Polym., 79, 801–810 (2010). 
[28] A. Hirai, H. Odani, A. Nakajima, Determination of degree of deacetylation of chitosan by 
1
H-NMR  spectroscopy, Polym. Bull., 26, 87–94 (1991). 
[29] T. Furuike, D. Komoto, H. Hashimoto, H. Tamura, Preparation of chitosan hydrogel and 
its solubility in organic acids, Int. J. Biol. Macromol., 104, 1620–1625 (2017). 
[30] F. Mani, M. Peruzzini, P. Stoppioni, CO2 absorption by aqueous NH3 solutions: 
speciation of ammonium carbamate, bicarbonate and carbonate by a 
13
C NMR study, 
Green Chem., 8, 995–1000 (2006). 
Chapter 4. Preparation of polyelectrolyte complex gel of sodium alginate with chitosan using basic 
solution of chitosan 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
64 
[31] H. L. Kim, G. Y. Jung, J. H. Yoon, J. S. Han, Y. J. Park, D. G. Kim, M. Zhang, D. J. Kim, 
Preparation and characterization of nano–sized hydroxyapatite/alginate/chitosan 
composite scaffolds for bone tissue engineering, Mater. Sci. Eng., C54, 20–25 (2015). 
[32] I.K.D. Dimzon, T.P. Knepper, Degree of deacetylation of chitosan by infrared 
spectroscopy and partial least squares, Int. J. Biol. Macromol., 72, 939–945 (2015). 
[33] B. Smitha, S. Sridhar, A.A. Khan, Chitosan–sodium alginate polyion complexes as fuel 
cell membranes, Eur. Polym. J., 41, 1859–1866 (2005). 
[34] G. Lawrie, I. Keen, B. Drew, A. Chandler-Temple, L. Rintoul, P. Fredericks, L. Grøndahl, 
Interactions between Alginate and Chitosan Biopolymers Characterized Using FT-IR and 
XPS, Biomacromolecules, 8, 2533–2541 (2007). 
[35] C. T. Tsao, C. H. Chang, Y. Y. Lin, L. M. F. Wu, J. L. Wang, T. H. Young, J. L. Han, K. 
H. Hsieh, Evaluation of chitosan/γ-poly (glutamic acid) polyelectrolyte complex for 
wound dressing materials, Carbohyd. Polym., 84, 812–819 (2011). 
  
Chapter 5. Preparation of N-succinylated chitosan hybrid gel as pH sensitive hydrogel 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
65 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 
 
 
Preparation of N-succinylated chitosan hybrid gel as 
pH sensitive hydrogel  
  
Chapter 5. Preparation of N-succinylated chitosan hybrid gel as pH sensitive hydrogel 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
66 
5.1 Introduction 
Periodontitis is a lifestyle-related dental disease that affects many people. The 
treatment of existing periodontitis is complex and involves surgery such as the flap 
operation [1,2], and the goal of periodontium regeneration should be achieved in a way 
as simple as possible [3]. In various treatment options, the insertion of periodontium 
regeneration materials into the periodontal pocket is preferred [4], since it does not 
require surgical operation. However, such an approach necessitates biomaterials with 
good biocompatibility, biodegradability, and gel formation ability. 
Chitosan (CS) is an abundant natural biomaterial that can be obtained by the 
deacetylation of chitin. A linear polymer consisting of β-1,4-linked N-acetyl-D-
glucosamine [5–7], CS is used in various fields because of its prominent properties 
including antibacterial activity [8], biocompatibility, biodegradability [9], and 
promotion of wound healing [10,11]. Generally, CS is soluble in acetic acid aqueous 
solution, but insoluble in neutral and basic aqueous solutions and organic solvents 
because it has a lot of hydrogen bonding [12]. To overcome this limitation, water-
soluble chitosan derivatives have been reported, such as carboxymethyl chitosan and N-
succinyl chitosan (NSC) [13,14]. In this study, we focus on NSC, because its gelation is 
reportedly caused by interaction between the amino group and the carboxyl group of 
NSC [15,16]. The gel formed by such electrostatic interaction has superior properties 
including a slight solubility in water, material permeability, electrolyte affinity, and 
biopolymer-like behavior in vivo [17]. Further, it can form a gel in response to changes 
in the pH, temperature, and concentration without using a crosslinker. Therefore, NSC 
has been considered for biomedical applications such as drug delivery, clinical bone, 
and tissue engineering [18–20]. 
In this work, novel NSC gel and NSC hybrid gels with genipin (GP) and gelatin 
(GL) were prepared as pH-sensitive hydrogels for medical applications. The NSC 
solution was synthesized under a suitable condition for gelation, and gelled by adding δ-
gluconolactone (GDL) as an acid. The obtained NSC gel was stable in water, but it 
could be easily dissolved in phosphate buffered saline (PBS) solution within a few days. 
The stability in PBS solution was remarkably improved by crosslinking and hybridizing 
the NSC with GP followed by GL. Several properties of the NSC-based gels were 
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investigated by FT-IR, TG-DTG, 
1
H-NMR measurements, swelling test, degradation 
test, and compression test. 
 
5.2 Experimental 
5.2.1 Materials 
CS (FM-80) was provided by Koyo Chemical Co., Ltd., and the degree of 
deacetylation (DAC) was determined by 
1
H-NMR spectroscopy to be 89.7%. GL (HGS-
200, cowhide) was purchased from Koei Chemical Co., Ltd. GDL was purchased from 
Tokyo Chemical Industry Co., Ltd. Other chemicals were purchased from Wako Pure 
Chemical Industries Co., Ltd. and used without purification. 
 
5.2.2 Synthesis of N-succinylated chitosan 
The synthesis process of NSC is shown in Scheme 1. In a beaker, 0.6–2.0 g of 
succinic anhydride and 2.0 g of CS powder were dissolved in 40 mL of DMSO, and the 
solution was stirred for 7 hours at 50–75 °C [21]. The suspension was separated by 
filtration under reduced pressure. The obtained powder was dispersed in ethanol, and 
the pH was adjusted to 8.5–9.0 with 10% NaOH solution under stirring. The adjustment 
using NaOH was repeated every 30 minutes until the pH value stabilized. After 12 
hours, this suspension was separated by filtration under reduced pressure, and the 
obtained powder was dissolved in 200 mL of distilled water. Dialysis was carried out 
for the dispersion for over 3 days, followed by centrifugal separation at 4,000 rpm. The 
supernatant was filtrated under reduced pressure and freeze-dried. The succinylation 
rate of the obtained NSC was determined by 
1
H-NMR spectroscopy. 
 
5.2.3 Preparation of NSC gel, NSC-GP gel and NSC-GP-GL gel 
To prepare the NSC gel, NSC powder was dissolved in 1.5 mL of PBS solution 
to form a 2–7% of NSC solution. This solution was added with 0.2 mL of 1 M GDL 
solution, and then mixed by a vortex mixer. The gelation time of the mixed solution was 
observed using the inversion method. To prepare the NSC-GP gel, 60 mg of NSC was 
dissolved in 1.5 mL of PBS solution. The obtained solution was charged with 1.5–13.5 
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mg of GP and stirred until the GP dissolved. Then, 0.2 mL of 1 M GDL solution was 
added and mixed by vortex mixer. The obtained gel was stood at 37 °C for 1 day to 
crosslink of the NSC with GP. To prepare the NSC-GP-GL gel, 60 mg of NSC was 
dissolved in 1.5 mL of PBS solution, then 15–60 mg of GL was added and stirred at 
50 °C until a homogeneous mixed solution was obtained. After cooling, 1.5–13.5 mg of 
GP was added and stirred until dissolution, and then 0.2 mL of 1 M GDL solution was 
added and mixed by vortex mixer. The obtained gel was stood at 37 °C for 1 day to 
allow the crosslinking between NSC with GP. 
 
5.2.4 Characterization 
For the 
1
H-NMR measurements, NSC was dissolved in deuterium oxide (D2O), 
and CS was dissolved in D2O solution containing trifluoroacetic acid. The 
1
H-NMR 
spectra of two solutions were measured using an NMR spectrometer (JEOL ECA400, 
Japan) to observe the succinylation rate of NSC. The infrared absorption spectrometry 
(IR) analysis used a Fourier transfer infrared spectroscope (JASCO FT/IR-4200, Japan) 
to confirm the ionic interaction between the amino group and carboxyl group of NSC. 
The spectra were recorded in the range of 4000–400 cm−1, using the KBr method with a 
sample powdered by freeze-drying. Thermogravimetric analysis (TG) and differential 
thermogravimetric analysis (DTG) was carried out using EXSTAR TG/DTA6200 
instrument (SII, Japan) with heating rate of 20 °C/min in N2 atmosphere in the 
temperature range of 30–600 °C. 
The degradation tests were performed in both water and PBS solution. The NSC 
gels were immersed at 37 °C for one week in 100 mL of water or PBS solution (pH 7.4). 
The NSC-GP and NSC-GP-GL gels were immersed at 37 °C for up to two weeks in 100 
mL of PBS solution. The water and PBS solution were exchanged once a day. At the 
end of each test, extra water on the samples was wiped off, and the samples were 
accurately weighed (Wt). Afterwards, the sample was dialyzed for 1 day in ion-
exchange water, and then freeze-dried to measure the dry weight (W1). The swelling rate 
and weight change rate were calculated by using Equations (1) and (2): 
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Swelling rate (%) = 
Wt
Wi
×100 
(
(1) 
Weght change rate (%) =  
𝑊0 − 𝑊1
𝑊1
× 100 
(
(2) 
 
where Wi is the initial weight of the gels, Wt is the weight after immersion, and W0 and 
W1 are the respective initial and final dry weights. 
The compression test was performed using a HAAKE MARS60 Rheometer 
(Thermo Fisher Scientific Inc., USA) using cylindrical gel samples (diameter: 20 mm, 
height: 2–5 mm). 
 
5.3 Results and Discussion 
5.3.1 
1
H-NMR spectra 
Figures 1(a) and 1(b) show the 
1
H-NMR spectra of the original CS and the 
prepared NSC, respectively. The observed signals at 2.05, 3.1, 3.4–4.0, and 4.6 ppm in 
Figure 1(a) correspond to the CH3 groups due to acetamide of N-acetylglucosamine 
residue, H-2, H-3–H-6, and H-1 on CS, respectively. In Figure 1(b), the signal of 2.4–
2.7 ppm was assigned to the succinyl group, while the H-2 peak disappeared because it 
shifted to lower magnetic fields (3.4–4.0 ppm) upon the succinylation onto the amino 
group of CS. These changes in the peaks showed that CS was successfully modified 
with the succinyl group. Further, the degree of succinylation of prepared NSC samples 
was determined as the ratio of integrated areas for succinyl and acetyl groups (Table 1). 
The yield of NSC-1 was significantly lower, as it could not be dissolved in water owing 
to the low succinylation rate. In contrast, the succinylation rate increased at high 
reaction temperature and with more added succinic anhydride. However, the yield of 
NSC decreased at higher temperature because of CS thermal decomposition. 
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Figure 1. 
1
H-NMR spectra of (a) CS and (b) NSC 
 
Table 1. Condition of synthesis of NSC 
Sample 
CS 
(g) 
Succinic 
anhydride 
(g) 
Temperature 
(℃) 
Succinyl 
group 
(mol%) 
Amino 
group 
(mol%) 
Acetamide 
group 
(mol%) 
Yield 
(%) 
NSC-1 
2.0 
0.6 50 46.5 43.2 
10.3 
10.7 
NSC-2 1.0 50 58.7 31.0 80.6 
NSC-3 1.5 50 62.9 26.8 83.7 
NSC-4 2.0 50 65.1 24.6 82.9 
NSC-5 2.0 60 72.0 17.7 78.2 
NSC-6 2.0 75 83.8 5.9 74.6 
 
 
5.3.2 Preparation of NSC gel 
The NSC gel was prepared using the obtained NSC. When the NSC had a high 
succinylation ratio, the formed gel was inhomogeneous, fragile, and very hard. This 
reason is that the carboxyl group formed intra- and inter-molecular hydrogen bonding, 
which reduced the electrostatic repulsion by protonating COO− into COOH with the 
added acid. This gelation system is well known for polymers with the carboxyl group 
[22]. On the other hand, when using the NSC of low succinylation ratio such as NSC-2, 
an elastic and homogeneous NSC gel was obtained, because of the better water holding 
capacity to form ionic interaction between carboxyl group and remaining amino group 
rather than the formation of hydrogen bonds with COOH. These results suggest that 
NSC-2 is the optimal for gelation by acid. 
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The gelation time and pH of NSC gels using 2–7% NSC solutions are shown in 
Table 2. Eventually, all samples became gels with the same pH, but the gelation time 
was different. Gelation occurred at about 10 min for the 2 and 3% NSC solutions, while 
the gelation time was shortened to about 10 s when the NSC was 4% or higher, because 
the concentrated solution has relatively more entanglement and interaction between 
polymers than the diluted one. However, the solutions at high concentration were 
difficult to prepare and treat owing to their high viscosity. As a compromise, the 
optimum condition for preparing NSC gel was determined to be 4% of NSC-2. 
 
Table 2. NSC gels 
NSC concentration 
 (%) 
GDL 
(mL) 
Gelation time 
(min) 
pH 
2 0.10 10 5.01 
3 0.15 10 5.06 
4 0.20 0.2 5.02 
5 0.25 0.2 5.05 
7 0.35 0.2 5.01 
 
 
5.3.3 Degradation Testing of NSC gel in water and PBS solution 
Figure 2 shows the swelling rates of NSC gel in water and PBS solution. The 
swelling and weight change rates in water after 7 days were 109% and 99.8%, 
respectively, indicating that this gel maintained its form in water with only slight 
swelling, even though the prepared NSC is soluble in water. Gels formed by 
electrostatic interaction are known to have the slight solubility in water [17]. Therefore, 
the NSC gel probably formed electrostatic interactions between its amino group and 
succinyl group by adjusting the pH. On the other hand, the swelling rate of NSC gel in 
PBS solution decreased gradually and the gel dissolved after 3 days. Since the PBS 
solution is basic and contains many ions, it can break the ionic interaction between 
amino group and succinyl group in NSC. 
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Figure 2. Swelling rate of NCS gel in Water and PBS solution. 
 
5.3.4 Preparation of NSC-GP and NSC-GP-GL 
To improve the resistance of NSC gel against dissolution in PBS solution, GP 
was added into the NSC solution as a crosslinker before gelation with GDL. Separately, 
GL was also mixed with NSC to form a network structure before gelation by GDL. The 
preparation conditions of NSC-GP and NSC-GP-GL gels are shown in Table 3, while 
photographs of the NSC solution, NSC gel, and NSC-GP and NSC-GP-GL gels are 
shown in Figure 3. The NSC gel was uncolored, but those added with GP were dark 
green. It indicated that the NSC gel was successfully crosslinked with GP and/or GL by 
this method. 
 
Table 3. Preparation condition of NSC-GP gels 
Sample 
NSC 
(mg) 
GDL 
(mL) 
GP 
(mg) 
GL 
(mg) 
NSC gel 
60 0.2 
0 0 
NSC-GP1.5 1.5 0 
NSC-GP4.5 4.5 0 
NSC-GP9.0 9.0 0 
NSC-GP13.5 13.5 0 
NSC-GP-GL15 13.5 15 
NSC-GP-GL30 13.5 30 
NSC-GP-GL60 13.5 60 
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Figure 3. Photograph of (a) NSC solution, (b) NSC gel, (c) NSC-GP and (d) NSC-GP-GL 
 
5.3.5 Degradation testing of NSC-GP and NSC-GP-GL 
5.3.5.1 Degradation testing of NSC-GP gels in PBS solution 
Figures 4(a) and 4(b) display the swelling and weight change rates of NSC-GP 
gels, respectively. The swelling rate of NSC-GP1.5 gel decreased after 2 days, and it 
could not be measured at 5 days because the swollen gel could no longer be collected. 
The gels of NSC-GP4.5 and NSC-GP9.0 decomposed gradually from the 3
rd
 day on. 
While these two gels could be collected and weighed after 1 week, their form was not 
maintained. The maximum swelling rate of NSC-GP13.5 was over 600% after 3 days, 
and partial decomposition started after 5 days. In addition, the weight change rate of this 
gel became gradually slower compared with other NSC-GP gels. Therefore, NSC-
GP13.5 was considered the most stable gel in PBS solution. Further, for all gel samples, 
the decrease of swelling rate coincided with the gel decomposition. Therefore, the start 
of gel decomposition can be judged by the decreasing swelling rate. These results 
suggested that the stability of NSC gels in PBS solution was improved by adding GP, 
considering that the original NSC was completely dissolved after 3 days. 
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Figure 4. (a) swelling rate and (b) weight change rate of NSC-GP for 7 days 
 
5.3.5.2 Degradation testing of NSC-GP-GL gels in PBS solution 
Figures 5(a) and 5(b) display the swelling and weight change rates for NSC-
GP-GL gels, respectively. The maximum swelling rate of NSC-GP-GL15 gel was over 
400% after 3 days, and it began partial decomposition after 5 days. The weight change 
of NSC-GP-GL15 gel decreased at the same rate as for the NSC-GP13.5 gel, which also 
began the partial decomposition after 5 days. The swelling rate of NSC-GP-GL30 gel 
declined compared to that of NSC-GP13.5 gel and remained near 200%. The gel form 
of NSC-GP-GL30 was maintained for 12 days. These results show that, by adding GL 
to form a network structure, the NSC-GP-GL30 gel become stable against PBS solution. 
NSC-GP-GL60 swelled slowly in PBS solution and maintained its gel form for 14 days, 
and therefore this was the most stable gel in PBS solution. Overall, the result suggested 
that the stability of NSC and GL composite gels in PBS solution was improved by 
forming the network structure with GL and by crosslinking with GP. 
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Figure 5. (a) swelling rate and (b) weight change rate of NSC-GP-GL for 14 days 
  
5.3.6. FT-IR spectra 
The FT-IR spectra of CS, NSC, GDL, NSC gel, NSC-GP13.5 gel, and NSC-GP-
GL60 gel are shown in Figure 6. The characteristic bands of CS appeared at 1656, 1597, 
1422, 1379, and 1029 cm
−1
, corresponding to amide I, amide II, CH2 bending, CH3 
symmetrical deformation and C–O–C stretching, respectively [23, 24]. 
For the NSC-2 spectrum, the peaks at 1714 and 1408 cm
−1
 were assigned to the 
carboxyl group on succinyl group [13]. The peak at 1563 cm
−1 
was shifted from 1597 
cm
−1
, because the primary amino group on CS became secondary amino group upon 
succinylation reaction. Such shift confirms the successful preparation of NSC. In the 
NSC gel spectrum, the peaks at 1617 and 1559 cm
−1
 were shifted from 1563 cm
−1
 in 
NSC. In addition, the band at 1033 cm
−1
 was shifted and overlapped with that around 
980 cm
−1
. These changes of the peaks indicate ionic interactions between the carboxyl 
group and the amino group [25,26]. For the NSC-GP13.5 spectrum, a peak appeared at 
1630 cm
−1
 and the bands around 3400 and 1400 cm
−1
 changed compared to the NSC gel, 
suggesting the formation of imide bond by reaction between NSC and GP. From these 
results, we concluded that the NSC-GP gel was crosslinked on the amino group by GP. 
For the NSC-GP-GL60 gel, the spectral peak at 1630 cm
−1
 became stronger because GP 
crosslinked the amino groups of NSC and GL. The other peaks of NSC-GP-GL did not 
change compared with NSC-GP, showing that the structures of NSC and NSC-GP were 
maintained after adding GP. 
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Figure 6. FT-IR of (a) CS, (b) NSC, (c) GDL, (d) NSC-gel, (e) NSC-GP, (f) NSC-GP-GL 
 
5.3.7. TG-DTG 
TG was used to assess the thermal stability of the different samples. Figures 
7(a) and 7(b) show TG and DTG curves of CS, NSC gel, NSC-GP13.5 gel, and NSC-
GP-GL60 gel, respectively. For all samples, the first weight loss stage before 150 °C is 
caused by evaporation of the remained water. Water evaporation from the NSC gel 
occurred at a slightly higher temperature than those in NSC and CS. Therefore, the NSC 
gel has good water holding property to form the ionic interactions [26, 27]. 
In the DTG curve of CS, the peak at 318 °C is obviously the degradation of CS 
[28]. For the NSC gel, the second stage of weight loss began at 213 °C and the third 
stage at 339 °C. The peak of the third stage corresponds to the thermal decomposition of 
NSC. The second stage is related to the ionic interaction in the NSC gel, because the gel 
decomposition would weaken the hydrogen bonding by electric interaction. For NSC-
GP and NSC-GP-GL, a small peak newly appeared at 157 °C, the peak at about 300 °C 
was decreased, and the peak at 341 °C was shifted to slightly higher temperature after 
the addition of GP. These results suggested that NSC was crosslinked by GP. While 
these NSC-based gels were not very stable at high temperatures, they have sufficient 
thermal stability in treating periodontitis and other applications as a biodegradable 
material. 
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Figure 7. (a) TG and (b) DTG of CS, NSC-gel, NSC-GP, NSC-GP-GL 
 
5.3.8. Compression testing 
Figure 8 displays the elastic strengths of the prepared gels. The stress values of 
NSC, NSC-GP, and NSC-GP-GL gels were 0.011, 0.016, and 0.021 N/mm
2
, 
respectively. NSC becomes a hard gel to form the ion interactions and hydrogen 
bonding. The stress of the NSC gel increased after adding GP and GL, and the size of 
the gel samples became smaller due to constriction under compression. This change in 
mechanical property suggested that the NSC gel was crosslinked by GP and formed a 
network structure with GL. 
 
Figure 8. Press testing of NSC-gel, NSC-GP, NSC-GP-GL 
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5.4 Conclusions 
In this study, the most stable of NSC gel was observed when using 4% of NSC-2. 
The prepared NSC gel maintained its form in water, but dissolved after 3 days in PBS 
solution. NSC-GP and NSC-GP-GL gels, which are crosslinked by GP and formed a 
network structure with GL, were more stable. Especially, NSC-GP-GL60 gel was stable 
after 14 days in PBS solution. The stability and mechanical results suggest that the 
prepared NSC, NSC-GP, and NSC-GP-GL gels are potentially useful materials in 
medical applications. 
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6.1 Introduction 
Suture threads require properties such as biocompatibility and strength for 
surgical applications, because the removal of stitches is cumbersome for the doctor, a 
burden to doctor and patient, and poses a risk of infection. Poly(L-lactic acid) (PLA) 
fiber is one of the biodegradable suture threads currently in use. PLA is an aliphatic 
lactic-acid-based polyester, and is well known to be a carbon-neutral material obtained 
from some plants [1]. PLA has good mechanical properties and characteristics, such as 
biodegradability, biocompatibility, and lack of toxicity [2–4]. Therefore, PLA is an 
interesting material for use in applications that include tissue engineering, drug delivery 
systems, and implants [5–8]. However, the hydrophobicity, low hydrolyzability, and 
poor cell adhesion exhibited by the PLA surface are problematic in some biomaterial 
applications [9]. Several techniques have recently been reported to modify PLA 
surfaces. For example, PLA surfaces can be coated by hydrophilic polymers, such as 
proteins, chitosan (CS), and sodium alginate (SA) by alkaline, enzymatic, or plasma 
treatments [10–14]. 
CS is derived from chitin, which is well known to be the most abundant natural 
biopolymer [15–17]. In addition, CS is used prominently as a biomaterial because of its 
numerous excellent properties, which include biocompatibility, biodegradability, and 
antibacterial and wound-healing abilities [18–21]. CS is a cationic polymer bearing 
amino (–NH2) groups, a consequence of its glucosamine units, and is soluble in acidic 
aqueous solutions [22]. SA is also a natural biopolymer composed of (1,4) β-D-
mannuronate and α-L-guluronate [23]. SA is extracted from seaweed and used in the 
food industry as a thickener, stabilizer and gelatinizer, a consequence of its superior 
properties that include biocompatibility, moisture-retention, high viscosity, and easy 
gelation [24–26]. SA is the sodium salt of an anionic polymer bearing carboxylate (–
COO
−
) groups, and is soluble in neutral and basic aqueous solution [27]. 
In this study, we modified the PLA surface with CS and SA coatings to improve 
its surface properties while maintaining its biodegradability. Plasma treatment and 
layer-by-layer (LBL) deposition were employed for preparation. To the best of our 
knowledge, this is the first report of a CS- and SA-coated PLA fiber prepared. Plasma 
treatment is effective for coating CS onto the PLA surface without damaging the PLA 
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because it hydrophilizes and activates the surface layer. Moreover, the LBL method 
effectively increases the amount of CS coating. The LBL method has received attention 
as a coating technique capable of forming multiple layers of ionic polymers on the 
surface of a material, and many reports have noted that multilayers can be easily 
prepared via this method on several materials [28]. The prepared multilayers are 
uniform, thin, hard, adhesive, and slightly soluble; moreover, the surfaces can be readily 
modified through the formation of polyelectrolyte layers [29,30]. In this study, SA and 
CS, as anionic and cationic layers, were coated via the electrostatic superposition of 
alternating polymers onto PLA fibers with these methods. The mechanical properties, 
morphologies, CS-PLA and SA-CS interactions, nitrogen content, and degradability of 
the prepared fibers were characterized by tensile testing, scanning electron microscopy 
(SEM), X-ray photoelectron spectroscopy (XPS), nitrogen analysis, and degradation 
testing, respectively. The CS-coating-modified PLA will be applicable as suture threads, 
because the antibacterial and wound-healing abilities of CS reduce the risk of 
postoperative infections. 
 
6.2 Experimental 
6.2.1 Materials 
CS (FM-80, Mw = 24.8 × 10
3
, degree of deacetylation (DDA) = 84.7%) was 
provided by Koyo Chemical Co., Ltd. (Sakaiminato, Japan). The weight-average 
molecular weight (Mw) and the DDA of CS were determined by gel permeation 
chromatography (GPC) and 
1
H-NMR spectroscopy, respectively. SA (Grad IL-2, 
viscosity = 44 mPa∙s) was provided by Kimica Corporation (Tokyo, Japan). Other 
chemicals were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, 
Japan), and were used without purification. PLA fiber (167T48) was composed of 48 
filaments of diameter 20 μm. 
 
6.2.2 Preparation of CS coated PLA fiber 
The PLA fiber was coiled on a frame and washed twice with 1% Tween 20 
solution. The washed PLA was rinsed three times with distilled water and dried at room 
temperature. A 1% CS solution was prepared as follows. A 2 g sample of CS was 
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dissolved in 1% aqueous acetic acid and freeze-dried to remove excess acetic acid and 
water. The obtained CS-acetate salt was then dissolved in 200 mL of water. The PLA 
fiber was protected against acetic-acid damage through the preparation of the 1% CS 
solution used in this method. A 1% SA solution was prepared by the overnight stirring 
of 2 g of SA in 200 mL of water. The coating method involving plasma treatment and 
the LBL method is described below. 
To coat them with CS, the PLA-fiber surfaces were activated by plasma 
treatment (CUTE–MR/R, FEMTO SCIENCE, Hwaseong, Korea) prior to immersion in 
the above-mentioned CS solution. Plasma treatment was performed under the following 
conditions: time, 30–1800 s; power, 100–200 W; and oxygen-gas flow, 70 mL/min 
(Table 1). 
The PLA fibers, plasma-treated under a variety of conditions, were immediately 
immersed in 1% CS solution and stirred for 1 min at room temperature. The PLA fibers 
were then rinsed three times with distilled water and dried at room temperature. PLA 
fibers coated with a single layer of CS were obtained in this manner. 
To coat with CS and SA using the LBL method, the CS-coated PLA fibers were 
first immersed in 1% SA solution and stirred for 1 min at room temperature, after which 
the PLA fibers were rinsed three times with distilled water. CS-coated PLA fibers 
coated with SA through electrostatic interactions with CS were produced in this manner. 
The PLA fibers formed in this manner were then immersed in 1% CS solution 
and stirred for 1 min at room temperature, after which the PLA fibers were rinsed three 
times with distilled water to give CS/SA-CS-coated PLA fibers. 
Multilayer-coated PLA fibers were produced by repeating these steps. The 
sequence was repeated in a manner that ensured that the final coating layer was 
composed of CS. The coating procedure is schematically displayed in Figure 1, while 
the numbers of the coating layers on the various samples are summarized in Table 2. 
Preformed PLA samples were treated under a variety of conditions to investigate 
the effect of plasma treatment and the LBL method on the surface of the samples. 
Tables 1 and 2 show the conditions used for the plasma treatment and the LBL method, 
respectively. 
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Table 1. Conditions used for the plasma treatment condition of PLA fibers. 
Sample Power (W) Time (s) 
P1 100 60 
P2 100 300 
P3 100 1800 
P4 200 60 
P5 200 300 
P6 200 1800 
Table 2. Conditions (C1–C5) used during the CS coating of the P1 PLA-fiber sample. 
Sample 
Number of CS 
Layers 
CS Content 
(%) 
Thickness of the CS Layer 
(nm) 
C1 1 0.331 31.5 
C2 3 0.377 35.9 
C3 5 0.585 55.8 
C4 10 0.730 69.7 
C5 15 1.083 103.7 
 
Figure 1. The LBL method used to CS-coat the PLA fibers. 
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6.2.3 Tensile testing  
The tensile strengths and strains of the prepared fibers were measured according 
to the Japanese Industrial Standard (JIS) 1013-8.5 methods using an STA-1150 
universal testing machine (Orientec Co., Ltd., Tokyo, Japan). Samples for testing were 
cut to the appropriate length and attached to paper. The initial sample length was 10 mm, 
and the stretching rate was 10.0 mm/min. The force at the breaking point was measured 
as tensile stress, which was converted into tensile strength. Data obtained were the 
averages of fifteen tests. 
 
6.2.4 Surface characterization 
The surface morphologies of the samples were investigated by SEM (JSM-6700 
microscope, JEOL, Tokyo, Japan). All samples were vacuum-dried overnight and 
deposited on platinum foil prior to SEM. The CS coatings on the surfaces of the PLA 
fibers were examined by XPS (ESCA-3400, Kratos Analytical Ltd., Manchester, UK) 
fitted with a monochromatic Mg–Kα X-ray source, at 10 kV and 20 mA. Spectra in the 
C 1s (300–276.9 eV), O 1s (524.9–543 eV), and N 1s (410–389.9 eV) binding-energy 
ranges were acquired. The C 1s peak was separated to three peaks according to the 
chemical components as follows: hydrocarbon main chain (C–C) at 285.0 eV, ether (C–
O) at 286.5 eV, and ester (COO) at 289.2 eV. To compare the amounts of CS in the 
various samples, the ester (COO/C) and amine (N/C) ratios were calculated using 
Equations (1) and (2): 
ester (COO/C) = 
COO peak intensity at 289.2 eV
C–C peak intensity at 285.0 eV
, (1) 
amino (N/C) = 
C–NH peak intensity at 400.0 eV
C–C peak intensity at 285.0 eV
. (2) 
 
6.2.5 Determining the amount of CS 
The Kjeldahl method for the quantitative analysis of nitrogen was used to 
determine the CS content on the PLA fiber. The samples were vacuum-dried at room 
temperature overnight prior to analysis. 
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The sample was degraded in the first step, as follows. A 0.2 g sample was 
decomposed in a Kjeldahl flask with 10 mL of concentrated H2SO4 and 3 g of the 
catalyst (9:1 K2SO4:CuSO4) at 500 °C for 3 h; if colored at this stage, hydrogen 
peroxide (35 vol%) was added to the solution to decolorize it. The colorless solution 
obtained in this manner was then heated again at 500 °C for 1 h and then cooled to room 
temperature, after which 40 mL of deionized water was added. 
The degraded sample was steam-distilled and back-titrated in the second step, as 
follows. The Kjeldahl flask containing the degraded sample was attached to a steam 
distillation system and 30% w/v aqueous NaOH was added until the solution turned 
black, which is an indicator of alkalinity. The sample was steam-distilled for 20 min. 
The free-NH3-trapping solution was prepared by mixing 4 mL of 0.01 M H2SO4, 26 mL 
of deionized water, and a small amount of ethanolic bromocresol-green/methyl-red 
indicator solution. Back-titration was performed against a standardized 0.01 M NaOH 
solution. The CS percentage was calculated using Equations (3) and (4): 
MWCTS = MWGlcN × 
DDA
100
 + MWGlcNAc × 
100 - DDA
100
, (3) 
chitosan content (%) = 
MWCTS × (CH2SO4 × VH2SO4 - 2 × CNaOH × VNaOH)
W
, (4) 
where MWCTS is the molecular weight of the CS unit (g/mol), MWGlcN is the molecular 
weight of the glucosamine unit, MWGlcNAc is the molecular weight of the N-acetyl 
glucosamine unit, C is the concentration of the H2SO4 or NaOH solution (mol/L), V is 
the volume of the H2SO4 or NaOH solution (L), and W is the weight of the tested 
sample (g). 
 
6.2.6 Degradation testing in PBS solution 
The PLA fibers were immersed for five months in phosphate-buffered saline 
(PBS, pH 7.2) solution at 37 °C. At the end of this period, the samples were rinsed three 
times with distilled water and dried at 35 °C. The degradation rate was calculated from 
the weight using Equation (5): 
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where W0 and W1 are the weights of the initial and degraded PLA fibers, respectively. 
The degraded PLA fibers were tensile-tested and examined by SEM as described 
in Sections 2.3 and 2.4. 
 
6.3 Results and Discussion 
6.3.1 Tensile testing 
6.3.1.1 Plasma-treated PLA fibers 
Figure 2 displays the tensile stresses and strains of the various plasma-treated 
PLA fibers. The average tensile stresses of samples P1–P6 were 359, 345, 334, 378, 359 
and 15.7 MPa, respectively. Other than P6, the tensile stresses of the samples were 
slightly higher than that (312 MPa) of the original PLA fiber; however, the differences 
were not significant. Fibers treated for longer times exhibited decreased tensile 
strengths. In particular, the tensile strength of P6 was extremely low, with a stress of 
about 15.7 MPa, which is ascribable to the observation that P6 melted when exposed to 
the heat produced during high-power plasma treatment for long times; clearly, PLA is 
damaged by long plasma treatments. The average strain of each sample was almost 
identical to that of the original (untreated) fiber. However, P3–P6 showed lower values 
than P1 and P2, because PLA fibers got damaged under treatment with a high power of 
200 W or a long time of 30 min. These results reveal that the strengths and strains of the 
PLA fibers are not affected by plasma treatment under the appropriate conditions, 
namely, treatment at low power for short times. 
weight change rate (%) = 
W0 – W1
W0
  × 100, (5) 
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Figure 2. Tensile stresses and strains of the plasma-treated PLA fibers. 
 
6.3.1.2 CS-coated PLA fibers prepared by the LBL method 
Figure 3 displays the tensile strengths and strains of the CS-coated PLA fibers 
based on P1, which were chosen based on the results presented in Sections 3.1.1 and 
3.2.1 (see below). The average tensile strengths of samples C1–C5 were 346, 341, 328, 
325, and 341 MPa, respectively, with C1 exhibiting the same tensile strength and strain 
as the original PLA fiber. The tensile strengths and strains of C2–C5 were almost 
identical to that of the original fiber, despite the different number of coating layers. 
Therefore, all samples prepared by the LBL method have equivalent flexibility 
comparable with that of the original PLA fiber, which confirms that the LBL method 
neither damages the PLA fibers nor does it adversely affect their mechanical properties. 
Chapter 6. Preparation of chitosan-coated poly(L-Lactic Acid) fibers for suture threads 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
 
 
91 
 
Figure 3. Tensile stresses and strains of the CS-coated PLA fibers based on P1. 
 
6.3.2 Surface characterization 
6.3.2.1 Plasma-treated PLA fibers 
SEM images of the plasma-treated PLA fibers (P1–P6) are displayed in Figure 4. 
P1 exhibited a smooth surface similar to that of the original PLA fiber. The surfaces of 
the PLA fibers plasma-treated for longer times were increasingly rough compared with 
that of P1, especially P6. The fiber diameters of the P1–P5 samples were about 19 µm, 
while that of P6 was about 74 µm, a result of its partial melting during plasma treatment, 
as previously discussed; this change in diameter resulted in a decrease in tensile strength. 
We confirmed that the surfaces of the PLA fibers were damaged by plasma treatment at 
high power for long times. Wan et al. [31] reported a similar behavior, in that the 
modifying depth on PLA increased with increasing plasma treatment time. In addition, 
Ding et al. [12] reported that the amount of coated-CS on PLA by plasma treatment did 
not change even for treatment durations exceeding 1 min. Consequently, the plasma 
treatment conditions used to prepare the P1 fibers were determined to be optimum for 
their further coating with CS; thus, all CS-coated PLA fibers were prepared from P1. 
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Figure 4. SEM images of plasma-treated PLA fibers: (a) untreated PLA fiber; (b) P1; 
(c) P2; (d) P3; (e) P4; (f) P5; and (g) P6 (magnification: 5000×, scale bar: 5 µm). 
 
6.3.2.2 CS-coated PLA fibers prepared by the LBL method 
SEM images of the CS-coated PLA fibers are displayed in Figure 5. C1 
exhibited a smooth surface similar to that of the original (untreated) PLA fiber. The 
surfaces of the remaining fibers became increasingly rough with increasing numbers of 
coating layers, especially C4 and C5. However, the CS-coated fibers were confirmed to 
be uniformly coated with CS, as determined by the attachment of each fiber, the 
presence of CS, and partial CS coatings on the PLA surfaces. In addition, the diameters 
of the fibers were unchanged following CS coating, despite the PLA surfaces being 
coated with 30 layers of CS and SA in the case of C5, which confirms that the CS and 
SA layers are very thin and uniform. 
 
Figure 5. SEM images of CS-coated PLA fibers: (a) untreated PLA fiber; (b) C1; (c) 
C2; (d) C3; (e) C4; and (f) C5 (magnification: 5000×, scale bar: 5 µm). 
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The nitrogen-to-carbon (N/C) ratios of the CS-coated PLA fibers were 
determined by XPS, the results of which are displayed in Figure 6. The amount of CS 
coating on the PLA surface was determined by measuring the nitrogen and carbon 
contents, as amide groups are present only in the structure of CS and not in the PLA. 
The nitrogen content of the original PLA fiber was also determined because a plasticizer 
is usually added during the preparation of PLA. However, the plasticizer content does 
not influence other data because the PLA surface was determined to have an N/C ratio 
of only 0.005 and is covered by the CS layer. The C1 sample exhibited a higher N/C 
ratio compared to that of the original PLA fiber. While the N/C ratios were higher in 
C2–C5 than C1, these samples all exhibited similar N/C ratios. This observation reveals 
that the LBL method produces homogeneous CS coatings, since XPS examines the top 
surface and the C2 sample already contains a homogeneous CS layer. These results 
suggest that plasma treatment and the LBL method effectively coat the PLA fibers with 
CS. 
 
Figure 6. Nitrogen-to-carbon (N/C) ratios of the CS-coated PLA fibers determined by 
XPS. 
 
6.3.3 Nitrogen analysis 
Figure 7 shows the CS percentages calculated from the amount of nitrogen 
determined by the Kjeldahl method. Since the original PLA fiber contains nitrogen, the 
CS amounts of the CS-coated PLA fibers were calculated after the subtraction of this 
nitrogen content, and were determined to be 0.33%, 0.38%, 0.58%, 0.73%, and 1.08% 
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for C1–C5, respectively. C1, with only one CS layer, displayed a larger step in CS 
content than those of the other samples because C1 was formed by direct CS coating on 
the plasma-treated PLA surface. These results suggest that plasma treatment facilitates 
the efficient coating of the PLA surface by CS. The amount of CS was observed to 
increase proportionately with the number of CS-coating layers; this also agrees with 
similar results for CS/Alginate multilayer films obtained by Gabriela et al. [32]. In 
addition, C5 contained over 1.0 wt% CS. 
 
Figure 7. Amount of CS, calculated from the Kjeldahl-determined amount of nitrogen, 
as a function of the number of CS layers. 
Table 2 lists the thicknesses of the CS layers calculated from the Kjeldahl-
determined data. The coating thicknesses of C1–C5 were found to be 31.5, 35.9, 55.8, 
69.7 and 103.7 nm, respectively. Clearly, the CS and SA layers are very thin and 
uniform, and do not affect the tensile properties of the fibers; all samples exhibit similar 
morphologies by SEM. These results confirm that the LBL method improves the 
amount of CS on the fibers. 
 
6.3.4 Degradation testing 
Figures 8–10 display the rates of weight change, SEM images, and tensile 
strengths, respectively, of P1, P3, C3, and C5. Figures 8 and 9 reveal that all degraded 
samples exhibited at least 95% of their original weights and retained their shapes after 
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five months of immersion in PBS solution. The observed decreases in weight indicate 
that the PLA samples become hydrolyzed in PBS over time. No samples could be 
retrieved from the PBS solution when immersed for longer than six months because the 
PLA fibers had collapsed by hydrolysis. The CS-coated fibers appeared to be slightly 
more stable than the uncoated plasma-treated fibers, because the polyelectrolyte layers 
of CS and SA had low solubility. However, the difference in stability was not 
significant; thus, it was concluded that the degradability of the fiber coated with CS and 
SA was maintained. 
 
Figure 8. Rates of weight change of various fibers in PBS. 
 
Figure 9. SEM images of PLA fibers: (a) P1; (b) P3; (c) C3; and (d) C5 before 
degradation testing; and (e) P1; (f) P3; (g) C3; and (h) C5 after six months in PBS 
(magnification: 5000×, scale bar: 5 µm). 
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The SEM images reveal that the PLA surfaces, as well as the fiber diameters, 
changed little after six months of immersion in PBS solution. We suggest that the 
observed weight losses are due to internal fiber hydrolysis. The tensile strengths of the 
degraded samples at three and four months were 90% and 80% of those of the original 
PLA fiber, respectively. The rates of weight change of the samples decreased 
enormously over five months, and the samples degraded for six months were too weak 
to subject to tensile testing; however, their surface morphologies did not change as 
extensively as their tensile properties. We suggest that the PLA molecules reduce their 
molecular weights by hydrolysis. Moreover, the degradation behavior of all samples 
was similar. The existence or not of a coating on the PLA fiber did not appear to 
influence the degradation of the fiber, which is ascribable to the extremely thin coating, 
as evidenced by nitrogen analysis and SEM. These results confirm that these PLA fibers 
are resistant to PBS for four months and degrade over long times. 
 
Figure 10. Tensile properties of the degraded samples. 
6.4 Conclusions 
Novel CS-coated PLA fibers were prepared by plasma treatment and the LBL 
method. SEM, tensile testing, and XPS reveal that plasma treatment facilitates the 
damage-free and effective coating of PLA with CS. In particular, PLA fibers treated 
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with plasma at 100 W for 60 s exhibit almost identical properties to those of the original 
PLA fibers. Nitrogen analysis revealed that the LBL method effectively increased the 
amount of coated CS; moreover, the mechanical strengths of the obtained fibers were 
maintained following coating with CS. These PLA fibers were resistant to PBS for four 
months during degradation testing. In addition, these samples exhibited similar 
degradation behavior; PLA hydrolysis was unaffected by the presence or absence of the 
extremely thin ionic polymer. The presence of CS on PLA fiber is expected to improve 
the surface property of the fiber, owing to the antibacterial and wound-healing abilities 
of CS. Therefore, these CS-coated PLA fibers are suitable for use in biomaterials 
applications as suture threads. 
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Concluding remarks 
This thesis described the study of chitosan as biopolymer and proposes of 
chitosan-based application. In the present work, the author focused on the study of 
chitosan solubility and prepared the novel chitosan graft copolymer as its application. In 
addition, the author was suggested the preparation of chitosan-based gel and fiber for 
medical application. For example, it was prepared the PEC gel of SA/CS, NSC hybrid 
gel and CS-coated PLA fiber. 
 
In Chapter 2, CS hydrogel was readily prepared by addition of a sodium 
hydroxide solution to a CS acetic acid solution and was found to be stable in the wet 
state for a long period of time. This CS neutral hydrogel was stable under wet 
conditions for a long period, even at room temperature when the CS was in hydrogel 
form. The solubility of CS hydrogel toward acids was observed by changes in pH and 
transmittance, and the CS hydrogel could be readily dissolved by addition of acids such 
as acetic and other organic acids. The solubility of CS was remarkably enhanced by 
hydrogelation, as demonstrated by the small amount of acid that was required for 
dissolution. Only 0.4 molar equivalents of acetic acid were required to dissolve the CS 
hydrogel, compared to the large amount of acetic acid required to dissolve the CS 
powder. On the other hand, clear CS solutions were obtained immediately after addition 
of a minimum amount (less than 1:1 molar ratio against the moles of amino groups) of 
acid, without filtration. The resulting CS solutions were fairly stable upon standing for 
168 h at room temperature. The stability of the CS molecule was confirmed by the 
stability of the intrinsic viscosity when a CS hydrogel was kept at room temperature for 
15 days in sealed glass, even without any pasteurization. Moreover, the binding state 
between acetic acid and amino group of CS in aqueous solution was discussed from the 
results of 
1
H-NMR spectroscopy. Each CH3 signal is attributed to free acetic acid and 
the acetamido group of GlcNAc, and the carboxylate ion related to ionic bonding was 
clearly observed; the strength of each peak changed quantitatively with the addition of 
acetic acid. As one of the predominant advantages of a CS hydrogel is long stability at 
room temperature without reduction in molecular weight, it is expected that the CS 
hydrogel should be applied for the biomaterials and functional materials. 
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In Chapter 3, the CS-g-PAAm as water soluble polymer was prepared using 
ATRP method. The CS-g-PAAm can be controlled the substitution ratio to dissolve CS 
hydrogel by BMPA as initiator and the DP of PAAm as side chain to change the 
additive amounts of AM. The main chain of CS and side chain of PAAm in CS-g-
PAAm were easily separated by changing pH. Moreover, the side chain of this 
copolymer can be exchanged with other polymer such as Poly(N-isopropylacrylamide) 
and appended the different property as a temperature responsive polymer. Although this 
polymerization needed some improvement, it is shown the development of a novel 
grafted CS copolymer. It is speculated that the copolymer can be used in pharmaceutical 
industries as biomaterials.  
 
In Chapter 4, the novel SA-CS PEC gel was successfully prepared by using 
basic CS solution. The gelation mechanism of SA-CS PEC gel was confirmed by 
1
H- 
and 
13
C-NMR measurements and found that CS was transformed to carbamate ion state 
in the basic condition (around pH 8) thus it could be dissolved with anionic 
polysaccharide of SA. This discovery will extend the further application of chitosan in 
several areas that could not be used under acidic condition. Further, this pH responsive 
PEC gel is expected to use for biomedical applications such as tissue engineering and 
regeneration scaffolding material.  
 
In Chapter 5, the optimum condition for synthesis and preparation of NSC gel 
was determined 4% of NSC-2. The prepared NSC gel maintains its stability in water, 
but it was dissolved after 3 days in PBS solution. NSC-GP gel and NSC-GP-GL gel 
were become stable to be crosslinked by GP and formed network structure with GL, 
especially NSC-GP-GL60 gel was stable after 14 days. In this result was suggested that 
NSC, NSC-GP and NSC-GP-GL is useful for medical application.  
 
In Chapter 6, novel CS-coated PLA fibers were prepared by plasma treatment 
and the LBL method. SEM, tensile testing, and XPS reveal that plasma treatment 
facilitates the damage-free and effective coating of PLA with CS. In particular, PLA 
fibers treated with plasma at 100 W for 60 s exhibit almost identical properties to those 
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of the original PLA fibers. Nitrogen analysis revealed that the LBL method effectively 
increased the amount of coated CS; moreover, the mechanical strengths of the obtained 
fibers were maintained following coating with CS. These PLA fibers were resistant to 
PBS for four months during degradation testing. In addition, these samples exhibited 
similar degradation behavior; PLA hydrolysis was unaffected by the presence or 
absence of the extremely thin ionic polymer. The presence of CS on PLA fiber is 
expected to improve the surface property of the fiber, owing to the antibacterial and 
wound-healing abilities of CS. Therefore, these CS-coated PLA fibers are suitable for 
use in biomaterials applications as suture threads. 
 
In summary, the solubility mechanism of CS by organic acids was elucidated, 
and the pH limitation for using CS solution was removed with the discoveries of 
chitosan-salt and basic chitosan solution. Further, the several CS-based applications for 
medical field were prepared by novel methods. These discoveries and methods will 
contribute not only the preparation of new materials but also the development of 
chitosan. 
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